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ABSTRACT 


As a consequence of the semiconductor industry chasing Moore’s Law, device scaling 
and changes to the transistor material system have introduced significant emerging 
reliability concerns that have the potential for drastically shortening device, and hence, 
product lifetimes. Of these emergent reliability concerns, negative bias temperature 
instability (NBTI) in the p-channel metal-oxide semiconductor (PMOS) devices 1s widely 
considered the most pressing. Radiation effects and extended operating conditions 
commonplace in space and defense systems can exacerbate the reliability situation. This 
research sought to investigate the device degradation resulting from NBTI in a space- 


radiation environment. 


In this dissertation, research and experimental results of the combined effects of 
NBTI and ionizing radiation on PMOS transistors manufactured in a commercially 
available 130 nm complementary metal-oxide semiconductor (CMOS) process are 
presented and discussed. For the first time, within the NBTI characterization framework, 


the effects of ionizing radiation on PMOS NBTT are presented. 


A significant finding was that ionizing radiation had a complex effect on PMOS 
NBTI in which the ionizing radiation worsened NBTI at operationally relevant conditions 
while producing a surprisingly uncharacteristic response under higher stress conditions. 
Finally, a model representative of the combined effects of 1onizing radiation and NBTI on 


the PMOS device parameters 1s introduced. 
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EXECUTIVE SUMMARY 


For the DoD and aerospace communities, radiation effects in electronic systems and the 
semiconductor devices from which they are comprised have long been a concern. To 
complicate matters for these communities, the continued device scaling trend within the 
semiconductor industry has introduced significant reliability concerns that have the 
potential for reducing device and product lifetimes. This worrisome trend is highlighted 
in Figure 1. Where devices manufactured in the 1990s could be expected to last for 


decades, state-of-the-art devices are expected to last less than ten years. 
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Figure 1. Generational product failure rates versus time in service, from [1]. 


The most pressing reliability concern today within the semiconductor industry 1s 
known as negative bias temperature instability (NBTI) in p-channel metal-oxide 
semiconductor field-effect transistors (PMOSFET), or PMOS NBTI. PMOS NBTI 
occurs when the PMOS device is subjected to a negative bias at an elevated temperature 
for an extended period of time. The NBTI stresses being applied to the PMOS transistor 
are illustrated in Figure 2. The device terminals labeled as G, S, D, and B are the gate, 


source, drain, and bulk terminals of the PMOS device, respectively. 
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Figure 2. The PMOS transistor under NBTI stress. 


The two key electrical parameters of the PMOS transistor degraded by NBTI are 
the device threshold voltage Vr and drive current Jps. The V7 is defined as the gate 
voltage required to cause current to flow between the source and drain terminals resulting 
in Ips. NBTI results in a PMOS transistor that becomes harder to turn on due to an 
increase in V7 and has less current capacity to drive loads due to a decrease in Ips. This 
in turn results in slower, degraded, circuit and system performance. Radiation effects can 


have a similar effect on the PMOS transistor. 


Research on the combined effects of PMOS NBTI and ionizing radiation on 
transistors fabricated in semiconductor technologies of interest to the DoD and aerospace 
communities is scarce. Furthermore, the physical mechanisms responsible for PMOS 


NBTI are a topic of hot debate within the device reliability community. 


There were three main objectives of this research: 


© Investigate the combined effects of ionizing radiation and NBTI stressing 
on the PMOS devices fabricated in a commercially available 130 nm 
complementary metal-oxide semiconductor (CMOS) process. 


e By introducing ionizing radiation into a common PMOS NBTI device 
characterization framework, we gain insight into the physical mechanisms 
responsible for PMOS NBTI. 


° Introduce a mathematical model representative of the combined effects of 
ionizing radiation and PMOS NBTI. 


In order to achieve these objectives, experiments were performed in which the 
PMOS devices were subjected to negative gate bias at an elevated temperature, with and 
without 1onizing radiation, for stress durations of up to thirty hours. During the stress 


duration, we periodically removed the voltage stress from the devices at regular intervals 


XX 


for characterization of the device V7 and /ps parameters utilizing standard MOSFET 
current-voltage measurement techniques. The data were later assessed for NBTI and 
radiation induced device parameter degradation in Vr and /ps. The results were then used 
to make assessments as to the degree the combined effects degraded the device 
performance, ascribe underlying physical mechanisms to the observed effects, and 


introduce a model representative of the combined effects. 


The results of this research were as follows: 


e For PMOS devices stressed at operationally relevant bias and temperature 
conditions, PMOS NBTI was worsened by ionizing radiation. The extent 
of the additional degradation due to the combined effects was within 
acceptable design margins. 


e The change in V7 with respect to the change in the maximum drive current 
Ion was observed to be disproportionate in comparing the devices 
receiving only NBTI stress to those receiving both irradiation and NBTI 
stress. This surprising result indicated that the addition of radiation had a 
larger effect on /oy than did NBTI stress alone Uoy, or Ips47, 1s the 
condition for which J/ps is evaluated at Vg = Vp = Vpp, where Vpp 1s the 
maximum operating supply voltage for the process.). 


e Under high stress voltage condition, the devices subjected to both ionizing 
radiation and NBTT stress had a very different and unexpected response 
compared to the devices receiving just NBTI stress. It was suspected that 
the radiation changed the nature of the underlying physical mechanisms 
responsible for NBTI. Where positive oxide charge build up in the PMOS 
device gate-oxide dielectric region is one mechanism responsible for the 
NBTI, it was surmised that this charge was being neutralized by the 
radiation resulting 1n a lessening of the change in Vz. 


° From the results of this research a model was proposed that, when fully 
developed as the subject of future work, would account for the observed 
effects resulting from ionizing radiation on PMOS NBTI. 
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I. INTRODUCTION 


Reliable integrated circuits that can withstand the harsh environment of space for 
extended periods of time are paramount to DoD assets fielded in space. This dissertation 
focuses on one significant reliability issue that has the potential for jeopardizing these 
assets: “PMOS NBTI in an Ionizing Radiation Environment.” In the sections to follow, 
the motivation and groundwork for the research performed in this dissertation are 


introduced and discussed concluding with the significant contributions of this work. 


A. MOTIVATION 


To an analog and mixed-signal (AMS) integrated circuit (IC) design engineer for 
the U.S. Department of Defense (DoD), the importance of ensuring a design will reliably 
function as specified in its intended operating environment over specified lifetime was 
understood. However, such a design engineer usually could take for granted that the 
reliability of the electronic devices (and thus the circuit and system as a whole) would not 
be a significant concern as long as the engineer followed the IC design rules for the 
semiconductor process in which the devices were being manufactured. That is to say 
device reliability was not usually the designer’s foremost concern, a limiting factor, or a 
typical trade-off consideration such as power dissipation, speed, area, or accuracy. 
However, as a consequence of the semiconductor industry pursuit to keep pace with 
Moore’s Law by aggressive device scaling and changes to the underlying material 


systems, device reliability has now become a major factor in the design process. 


As evidenced in the curves given in Figure 1, expected product lifetimes (mean- 
time-to-failure) once measured in thousands of years, 1n semiconductor processes now 
measure fewer than ten; and, in some cases, less than three years in state-of-the-art 
semiconductor fabrication processes [1]. The reduced product lifetime may be acceptable 
in the portable consumer electronics market sector due to the rapid rate at which 
technological advances are taking place, driving consumer demand for the latest product 
that technology has to offer; however, this paradigm 1s antithetical to the requirements of 


DoD systems in which the product may be fielded for decades. 
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Figure 1. Generational product failure rates versus time in service, from [2]. 


As a result, the IC design engineer must now also be knowledgeable of device 
reliability, how devices degrade over time under specified operating conditions, and use 
this knowledge to design ICs and systems that meet product performance requirements 
while reliably meeting the specified service lifetime objective. Radiation effects and 
extended operating conditions commonplace in military and aerospace systems 
exacerbate this challenge. Published works directed toward the design community are 
beginning to surface with topics related to reliability-aware design [3], [4], [5], [6] that 
address emerging device and system reliability concerns; however, for the design 
engineer, there is very little in the literature that addresses both the emerging reliability 


concerns and radiation effects. 


1. AMS Design for Space 


AMS circuit designs, such as the pipelined analog-to-digital converter (ADC) 
identified in Figure 2, are fundamental to the operation of satellite communications 
(SATCOM) systems such as those employed by the military and the aerospace 


communities. 
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Figure 2. Wireless transceiver typical of those found in SATCOM systems. 


Though the operation of the ADC is beyond the scope of this dissertation, the 
complexity of such a circuit (and system), as demonstrated in the block diagram of Figure 
3, 18 useful in illustrating the magnitude of the challenge the designer faces in reliably 
designing products for military and space applications as each block of the ADC system 
has its own set of, often competing, design challenges. Yet, each of the system blocks 
have one fundamental device in common that 1s central to the topic of this dissertation, 
the metal-oxide semiconductor field-effect transistor, or MOSFET, manufactured in a 
commercial semiconductor fabrication process. In the sections that follow, the three 
foremost considerations influencing the design process, for the military and aerospace 


communities, are briefly discussed leading up to the topic of this dissertation. 
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Figure 3. Functional block diagram of the ADC system identified in Figure 2. 
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a. Semiconductor Fabrication Process Variation 


For the design engineer architecting such a system, not only must the 
system work as specified over the projected maximum operating conditions (temperature 
and voltage) it must do so taking into consideration semiconductor fabrication process 
variation which results in the key parameter variation 1n the electrical characteristics of 
the MOSFET and other electrical components available to the designer. This variation is 
typically random in nature and exhibits a Gaussian distribution and is well characterized 
by the semiconductor foundry—however, the details of the distribution (other than the 


nominal, upper, and lower boundaries) may not be shared with the design engineer. 


b. Space Environment 


In product development for the space environment, the designer must not 
only take into consideration the effects of ionizing radiation incurred over the product 
lifetime, or total 1onizing dose (TID) irradiation that also contribute to the variation of 
key electrical parameters of the MOSFET; but, also take into consideration radiation 
induced single events effects (SEE) that can cause temporary system upset resulting in 
corrupted data, or possibly induce catastrophic and permanent circuit failure due to 


energetic particles such as high-energy electrons and protons encountered in Earth orbit. 
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The electron and proton belts containing the energetic particles are depicted in the 


diagram of Figure 4 illustrating the radiation environment about the Earth. 
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Figure 4. Trapped particle radiation belts around the Earth, from [7]. 


C. Device Reliability 


To add to the design challenge, the designer must also consider the device 
reliability effects of hot carrier injection (HCI), time-dependent dielectric breakdown 
(TDDB), negative, and positive bias temperature instability (NBTI and PBTI 
respectively) on the MOSFET. The effect of NBTI on the p-channel MOSFET is studied 
exclusively in this dissertation. For the interested reader, several good books exist that, 
in addition to NBTI, cover HCI, TDDB, and other device reliability issues [8], [9], [10], 
[11], [12] from both the device physicist’s and reliability engineer’s perspective. 


d. Combined Effects 


The combined device reliability and radiation effects can lead to 
significant degradation in system performance and, if left unmitigated, premature and 
catastrophic system failure. Unfortunately, the combined interaction between device 
reliability effects and radiation effects is often not well documented or well understood. 
As a result, this topic is beginning to get the attention of the military and aerospace 


communities precisely because of the lack of data. 
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Zi PMOS NBTI and Total Ionizing Dose Irradiation 


Of the previously identified reliability effects, NBTI in p-channel MOSFETs, or 
PMOS devices, is widely accepted as the foremost concern within the reliability 
community. This is due to the significant effect NBTI has on the lifetime of PMOS 
devices in modern and state-of-the-art CMOS semiconductor fabrication processes. Even 
though significant research has been performed on the topic, the physical mechanisms 
responsible for PMOS NBTI have yet to be conclusively identified. Ultimately, while 
significant research has been performed over the years on TID irradiation, there has been 
little research reported in the literature on the combined effects of TID irradiation and 
NBTI on PMOS devices—and thus the topic of this dissertation: “PMOS NBTI in an 


Ionizing Radiation Environment.” 


B. BACKGROUND ON NBTI AND TID RADIATION 


In this section, the evolution of NBTI is presented with the goal of demonstrating 
why it has become the foremost reliability issue in modern semiconductor processes. 
This is followed by a discussion on TID irradiation and why it is used to characterize 
device (transistors, circuits, and systems) performance in a space irradiation environment. 
A more quantitative treatment of the operation of the PMOS transistor, NBTI, and TID 


irradiation 1s presented in Chapter II. 


1. Negative Bias Temperature Instability 


To follow, the effects and history of NBTI are presented. Then, a discussion of 
why NBTI has become the foremost reliability issue is given. The discussion then 
concludes with the controversy surrounding the competing theories of the physical 


mechanisms responsible for NBTI. 


a. What is NBTI? 


NBTI is a PMOS transistor wearout mechanism characterized by the 
degradation of several key electrical parameters as a result of the device operating at an 
elevated temperature while a negative bias voltage is applied to the gate terminal of the 


device [9]. NBTI worsens with time (stress duration) and is a strongly influenced by 
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operating conditions such as the increased electric fields and operating temperatures 
inherent in modern semiconductor technologies. NBTI is also a well-documented 
recoverable phenomenon by which some the degradation incurred during the stress 
regime recovers once the stress is removed; hence the “instability” term in NBTI. Figure 


5 demonstrates the bias condition of the PMOS transistor to induce NBTI. 
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Figure 5. A PMOS transistor under negative bias conditions. 


The key electrical parameters of the PMOS transistor affected by NBTI 
are the device threshold voltage V7, transconductance g,,, effective mobility 4.4, and drive 
current Ips. The aforementioned MOSFET device parameters are defined and discussed 


in greater detail in the chapters to follow. 


b. History of NBTI 


The NBTI phenomenon has been known for decades and was first 
observed in the 1960s during the CMOS process development. It was addressed by 
annealing the insulating SiO, gate dielectric (or commonly referred to as gate oxide) in 
hydrogen prior to depositing the gate polysilicon layer to tie up dangling bonds at the Si- 
S10 interface [10]. In the 1990s, NBTI resurfaced as a result of the scaling of the 
thickness of the gate dielectrics without reducing the device operating voltage. This 
resulted in an increase in the applied electric field Egy across the device gate oxide 
approaching 10 MV/cm. However, it was not until the early 2000s that NBTI became an 
emerging reliability concern when it was observed that device lifetimes were becoming 
significantly reduced. This NBTI induced reduction in device lifetime was due primarily 


to continued scaling of the gate oxides and the introduction of nitrogen during the 
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transition from SiO to SiON gate dielectrics. Though the introduction of nitrogen into 
the gate oxide addressed issues related to gate oxide scaling (gate leakage currents, 
dielectric breakdown, and boron penetration from the gate) it also increased the device 


vulnerability to NBTI as nitrided oxides were more susceptible to charge trapping [9], 
[13]. 


It was not until the mid-2000s that NBTI was to become the dominate 
reliability concern in the semiconductor fabrication industry. This was due to the 
introduction of high-k dielectrics to further reduce gate leakage currents while improving 
transistor drive strength. From the mid-2000s to the present, PMOS NBTI has become, 


and is, the foremost reliability concern in the semiconductor industry. 
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Figure 6. Device versus supply voltage scaling, from [4]. 


Figure 6 demonstrates the industry’s device and voltage scaling trends 
over the last thirty or so years. What is implied here is that as the transistor gate length is 
scaled, so does the gate oxide thickness. The far-left “Constant voltage” region 
corresponds to the oxide thickness scaling era of the late-1980s to the mid-1990s in 
which oxide scaling continued until the industry approached the 10 MV/cm Ey dielectric 
breakdown limit for SiO. The “Constant field” region corresponds to the gate oxide and 
supply voltage scaling era that began in the mid-1990s and kept the industry near the 


S102 breakdown limit until the mid-2000s. Device operation near this oxide-breakdown 
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limit was maintained until another fundamental limit was reached, the 1-V supply limit. 
This limit, a result of process variation in the engineering of transistor threshold voltage 
Vr, was reached in the mid-2000s and 1s identified by the “Constant voltage” region on 
the right side of the graph. This era is also marked by the fundamental SiO» gate oxide 
scaling limit of | nm, beyond which gate electron tunneling currents become a significant 
contribution to device power dissipation. Hence the need to introduce new materials such 
as nitrogen and high-k dielectrics into the gate-oxide material system to keep the scaling 


trend going. 


c. Why NBTI Has Become the Foremost Reliability Issue 


The prior historical discussion provided the relative importance of NBTI 
to device and supply scaling events in the semiconductor industry; nevertheless, lacks 
some specifics as to why the addition of nitrogen to the gate oxide, and the introduction 
of high-k dielectrics, such as HfO:, have resulted in a significant increase in the 
susceptibility of PMOS devices to NBTI. For decades S102 had proved to be a near ideal 
material for the gate oxide dielectrics used in CMOS processes. It was, compared to 
other material systems, an extremely reliable material and nearly perfect insulator with 
desirable electrical properties (high bandgap material) that made it most suitable for the 
fabrication of CMOS semiconductor devices. However, device scaling demands 


exceeded what S102 could provide. 


As the semiconductor industry moved to address the limitations of the 
S10, and take steps to mitigate other device scaling roadblocks, four major developments 
have contributed to the rise of NBTI: 
® Eox approaching the 10 MV/cm limit of S102 


® Changes in the gate-poly material system to reduce short-channel effects, 
(specifically, the introduction of boron) 


© The introduction of nitrogen into the S102 gate-dielectric system to reduce 
boron penetration into the gate dielectric, also reduced the gate-oxide 
resilience to NBTI 

e The subsequent introduction of high-k dielectrics which are less resilient 
to NBT. 


These developments are discussed in greater detail, where relevant, in the 


chapters to follow. 


d. Competing Theories 


To complicate the landscape further, the debate regarding the physical 
mechanisms behind NBTI in PMOS devices remains hotly contested and to this day 
unsettled. There are two main competing theories that attempt to account for the NBTI 
phenomenon. The first and long-standing theory until recently is the reaction-diffusion 
(R-D) model involving hydrogen transport from the Si-SiO> interface into the gate-oxide 
espoused by Alam et al. [14] as shown in Figure 7. The second and more recent theory 
offered by Lenahan et al., and to a first order substantiates, the theory of hydrogen 
transport as described by the R-D model does not account for the NBTI phenomenon 


[15]. This second model has been referred to as the switching oxide trap model. 
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Figure 7. Cartoon depicting hydrogen transport attributed to R-D theory, from [12]. 


The latter model is compelling as it accounts for what is called the 
instantaneous recovery component observed in NBTI; whereas, the R-D model 


throughout its existence has failed to accurately account for this component. 


As a final note, regardless of the material system (S102, SiON, or high-k) 
the debate over NBTI remains unsettled. The only issue that has been settled is that with 
device scaling NBTI has worsened and with the introduction of nitrogen and high-k 


dielectrics the reliability situation of PMOS devices due to NBTI has been exacerbated. 
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Zi Ionizing Radiation 


Though there are several types of radiation encountered in the space environment, 
the resulting damage they cause can be generalized into three groups [16]; charge 
trapping in the oxide regions of semiconductor, displacement damage throughout the 
semiconductor material; and, single-event effects (SEE). SEE, which results in logic 
upsets, 1s caused by galactic cosmic rays and Van Allen belt protons that produce 
ionizing tracks in the proximity of transistors. Displacement damage, the physical 
displacement of lattice atoms, 1s primarily due to neutron and proton flux events in the 
radiation belts about the Earth. And, charge trapping is a result of ionizing radiation in 
the form of energetic charged particles such as electrons, protons, ionized atoms, and 
photons (gamma-rays and X-rays). In this dissertation 1onizing radiation and total dose 
effects as a result of gamma-rays are of greatest interest as the charge trapping in the 
oxide and interface regions of the CMOS device is the most relevant to CMOS device 


reliability. 


a. TID Radiation Effects 


Ionizing radiation and TID effects cause charge trapping in the gate 
dielectric and isolating oxide regions of the CMOS device and charge trapping in the 
field oxide regions between devices. When energetic particles encounter these regions of 
the semiconductor, electron-hole pairs are created. If the electron-hole pairs are under 
the influence of an electric field, the electrons being highly mobile compared to holes get 
swept up in the electric field and drift away leaving the less mobile positively charged 


hole behind in the oxide. 


To illustrate this phenomenon, the n-channel MOSFET cross section of 
Figure 8 demonstrates positive charge trapping in the buried oxide (BOX) region of the 


transistor as a result of being exposed to ionizing radiation [17]. 
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Figure 8. Cross section of an NMOS device with trapped charge after 
being irradiated, from [17]. 


In this case, the trapped positive charge has caused a back-gate channel to 
form creating a conducting channel from source to drain. This conduction can now take 
place regardless of the voltage applied to the gate terminal. The accumulation of oxide 


charge in the field oxide regions can cause loss of isolation between adjacent devices. 


When this accumulation occurs in the device gate oxide and Si-S10) 
interface, as 1s the case for the research carried out in this dissertation on p-channel 
MOSFETs, many of the same degradation, or shifts, in the key electrical parameters as 
was described for NBTI can take place resulting in changes to the device V7, 2m, Ley, and 
Ips parameters; albeit at the hands of a different physical catalyst—ionizing radiation 


versus NBTI temperature and voltage stresses. 


b. Ionizing Radiation in State-of-the-Art CMOS Processes 


It is commonly accepted that TID effects in state-of-the-art semiconductor 
processes will be minimal. This is due to the smaller gate-oxide volumes and cross- 
sections (1.e., smaller gate area of the transistor) that are a result of the course of device 
scaling. It is also surmised that the increased gate leakage currents in advanced 
technology nodes has a larger effect, to many orders of magnitude, than those as a result 


of ionizing radiation. Though the trend of reduced total dose effects [2], [10] as a 
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function of advancing technology node supports this assertion there have also been 
reports of enhanced TID effects due to the increase in the number interconnect layers 
inherent in state-of-the-art processes [18], [19]. Furthermore, high-k dielectrics, used to 
minimize gate tunneling currents by allowing thicker gate oxides to be manufactured 
while maintaining or improving the transistors drive strength, have larger gate-oxide 
volumes that could give rise to increased charge trapping in the gate oxide as a result of 
ionizing radiation. To date, very little has been published on TID effects in state-of-the- 


art semiconductor processes. 


3. Combined Effects 


As was previously stated, ionizing radiation and NBITI affect the same device 
parameters though parametric shifts are due to different physical mechanisms. Whereas 
the parametric shifts attributed to NBTI are a result of enhanced electric fields and 
elevated temperatures encountered in typical operating conditions; for TID effects, the 
parametric shifts are due primarily to interface charge trapping at the Si-SiO>2 interface 


and oxide trapping in the gate dielectric. 


Similar to the case of very little being reported on TID effects in state-of-the-art 
processes, very little has been published in the literature regarding the combined NBTI 
and TID effects, with the exception of the work performed by Zhou [20], which 
examined developmental high-k capacitor structures manufactured in a research 
environment and concluded that, in the case of early high-k dielectric structures, the 
combined effects of NBTI stressing and ionizing irradiation was worse than the sum of 
the effects. Since this early (circa 2005) high-k research, the material system has been 
refined and improved results reported [21]. | However, follow-on research on 
commercially available CMOS processes has not been performed thus begging the 
fundamental question: is NBTI enhanced in the space environment due to ionizing 


radiation; and, if so, to what extent and why? 


C. THE PROPOSED RESEARCH AND SIGNIFICANT CONTRIBUTIONS 


In this section, the research proposed and performed, and the resulting significant 


contributions made by this research are presented. 
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1. Research Proposal 


The goal of this dissertation research was to analyze the effect of ionizing 
radiation on the reliability concern of NBTI on PMOS devices fabricated in modern and 
state-of-the-art semiconductor processes suitable for AMS design; and, to put forth a 
model accounting for the observed effects. This research was performed on PMOS 
devices fabricated in 130 nm CMOS process incorporating nitrogen into the transistor 
gate dielectric—devices that are technologically relevant, and of interest, to the military 
and aerospace communities. The cross-section of the p-channel MOSFET is illustrated in 


Figure 9 and discussed in greater detail in Chapter II. 
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Figure 9. Cross-Section of the PMOS transistor. 


In order to assess the effect of ionizing radiation on NBTI, three potential 
resulting outcomes were presumed possible: 1) Ionizing radiation does not affect PMOS 
NBTI; 2) ionizing radiation adversely affects PMOS NBTI; and, 3) 1onizing radiation 
favorably affects PMOS NBTI. These assumed outcomes, a result of a device being 
exposed to ionizing radiation either prior to or during a NBTI producing bias and 
temperature stress, formed the basis for this research and how the research experiments 


would be conducted. 


If observed, the first outcome would indicate that ionizing radiation is not an 
acceleration factor for NBTI. If ionizing radiation has an effect on the device, it 1s 
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separate of the NBTI effect and device degradation is additive, or a superposition of 


effects, which could suggest separate, uncorrelated, physical mechanisms at work. 


If the second outcome were observed, this could suggest a synergistic effect 
between ionizing radiation and NBTI in which ionizing radiation is an accelerating factor 
for NBTI; whereby, NBTI (in addition to being a function of temperature, stress duration, 
and electric field strength) would also be a function of either TID or dose rate. If in the 
second outcome it were determined synergistic effects were strongly correlated to TID, 
then it could be inferred that the degradation, or breakdown of the material system, 
provides an opportunistic condition for NBTI. However, if the second outcome were 
discovered to be dose rate dependent, then the dose rate dependent dynamic processes 
(electron-hole, or e-h, production) could strongly influence the progression of NBTI—for 


better or for worse. 


This leads to the third outcome; if observed, a particular dose rate could be 
responsible for retarding the progression of NBTI by creating a condition in which one of 
the reported physical mechanisms responsible for NBTI was impeded. However, if the 
improvement in the NBTI condition were TID dependent, then it could be inferred that 
by pre-irradiating the PMOS device that a hardening process has occurred which provides 


the device some immunity to NBTI. 


A detailed experimental approach for investigating the potential outcomes are 
given in Chapter III; which is then followed by the presentation in Chapter IV of the 
observed experimental outcomes of the experiments performed preparing the reader for 


the combined effects results and analysis discussion of Chapter V. 


In Chapter V, based on an analysis of the experimental data, and what has been 
reported in the literature, a model 1s developed that accounts for the combined effects of 


ionizing radiation and NBTI in PMOS devices. 


Concluding with Chapter VI, we give a summary of the research performed and 
results obtained. This is followed a discussion of opportunities for further research such 
as extending experiments presented in this dissertation to semiconductor fabrication 


processes down to 32 nm and below. 
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Zi Significant Contributions 
a. Combined and Synergistic Effects Testing 


There are a number of significant contributions that add to the body of 


scientific knowledge as a result of this research. These contributions include: 


® The demonstration that ionizing radiation has a stress-bias dependent 
effect on PMOS NBTI 
® A proposed NBTI characterization technique for evaluating the effects of 


ionizing radiation on PMOS NBTI 


@ Development of a model for A/oy as a function of AVr and Az, that 
includes the combined effects of ionizing radiation and NBTI 


© The development of a test and measurement system required to perform 
the experiments needed for the all of the above contributions 


The first bullet 1s of interest to the reliability physics community and may spur 
follow-on research within that community toward resolving the hotly debated physical 
mechanisms responsible for NBTI. Furthermore, the knowledge that ionizing radiation 
may exacerbate PMOS NBITI is of immediate interest to the military and aerospace 


systems design communities. 


The second bullet is also of interest to the reliability physics community as it 
provides a method for examining the combined effects of NBTI and ionizing radiation on 
PMOS NBTI. Moreover, combining the NBTI characterization standard and ionizing 
radiation gives reliability engineers tasked with evaluating and _ characterizing 
technologies targeting military and aerospace applications a method for evaluating the 


combined effects. 


The third bullet is of interest to the design community. The model identifies a 
mathematical relationship between ionizing radiation and NBTI that can be developed 
further and applied to new and emerging material systems and technologies of interest to 


the military and aerospace communities. 


The ability to do combined effects analysis under operationally relevant 


conditions has been gaining interest of late; therefore, the final bullet is of interest to 
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those wanting to perform combined effects analysis for the purpose of device, circuit, and 


system development, evaluation, and validation. 


b. Publications Resulting from this Research 


Technical publications resulting from this research include two poster 
manuscripts titled “PMOS NBTI analysis of a 45 nm CMOS-SOI Process with Nitrided 
Gate Dielectric” and “On the Device Response of a 45 nm PMOS Transistor to TID and 
NBTI Stresses” published in the proceedings of the 2012 IEEE International Integrated 
Reliability Workshop UIRW) and the 2013 Government Microcircuit Application & 
Critical Technology (GOMACTech) conference respectively. In addition, journal 
manuscripts based on this research are currently being produced for submission to the 
IEEE publications related to device physics, reliability, and radiations effects. Titles of 
the manuscripts to be submitted include: 


° The use of the NBTI Characterization Framework for Evaluating the 
Effects of lonizing Radiation on NBTI 


6 The Dependence of PMOS NBTI on Ionizing Radiation 
e The Effect of Ionizing Radiation on NBTI 


D. CHAPTER CONCLUSION 


In this introductory chapter, the motivation for this work, reliable AMS design for 
space, was presented followed by the overall challenges in accomplishing such a design. 
This discussion paved the way for the specific issue addressed in this dissertation, PMOS 
NBTI in an ionizing radiation environment. The proposed research and significant 
contributions section of this chapter outlined the organization of the work that follows 


and concluded with publications resulting from this work. 
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H. MOSFET THRESHOLD VOLTAGE DEGRADATION 
MECHANISMS IN MODERN SEMICONDUCTOR 
TECHNOLOGIES 


PMOS NBITI, whose physical mechanisms are not well understood, is the 
foremost reliability concern in the semiconductor industry today. Furthermore, the effect 
of ionizing radiation on PMOS NBTI has not been studied within the framework of NBTI 
characterization. The primary effect of PMOS NBTI and ionizing radiation on PMOS 
operation is the characteristic shift in the device threshold voltage. In this chapter, what 
is known about the material system being researched is presented. This is followed by a 
presentation of the MOSFET threshold voltage. After which, what is currently known 
about PMOS NBITI and ionizing radiation is presented emphasizing their effects on the 


device threshold voltage. 


A. DEFINITION OF THE MATERIAL SYSTEM UNDER STUDY 


The p-channel MOSFETs under study were manufactured on a commercially 
available 130 nm CMOS process. It 1s assumed that the material structure of the p- 
channel MOSFET is comprised of a heavily doped p-type polysilicon gate atop a S102 
gate dielectric grown on an n-type silicon body formed in a p-type silicon substrate. It 1s 
also assumed, due to the technology node, that an isolating region of shallow-trench 
isolation (STI) comprised of SiO was incorporated for the purpose of device-to-device 
electrical isolation. The source and drain regions are assumed to be doped p-type silicon. 
The physical gate-dielectric thickness ¢,,, 1s 2.2 nm and the device width and length 
parameters, W and L, are 5 and 0.12 um, respectively. The cutaway drawing of Figure 10 


illustrates the as-described features of the p-channel MOSFET. 
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Figure 10. P-Channel MOSFET cross-section, gate-oxide thickness not to scale. 


Incorporation of nitrogen, or nitrogen engineering, into the gate stack to form a 
nitrided-SiO, gate dielectric is likely. The inclusion of nitrogen into the gate dielectric 
prevents boron penetration into the gate oxide from the heavily doped polysilicon gate. 
Toward this goal, it is common for nitrogen to exist as a nitride top layer forming SiO,Ny 
thereby isolating the gate-poly from the S102. There could also be a nitride layer at the 
S1-Si0, interface for the purpose of passivating interfacial dangling Si bonds. 
Furthermore, due to its ultra-thin nature, the gate dielectric could consist entirely of 
S1iO,Ny. In addition to blocking boron diffusion and shoring up interfacial dangling 
bonds, the incorporation of nitrogen has the effect of slightly raising the gate-oxide 
dielectric constant k. Assuming nitrogen 1s present in the gate stack of these devices, the 
per cent concentration, its distribution within the oxide, and the process by which it was 
incorporated is not known; however, in experimental devices, device reliability has 


shown sensitivity to these manufacturing factors, for both irradiation and NBTI. 


B. MOSFET THRESHOLD VOLTAGE, Vr 


The MOSFET threshold voltage V7 is defined as the applied Vs sufficient to 
cause channel inversion thus allowing current to flow from the source to the drain 
terminals. Physically, this is the condition for which the carrier type in the channel 
between the source and drain of the transistor at the oxide-semiconductor interface is 
equal in density and opposite 1n charge to that of the native carrier type under equilibrium 


conditions as illustrated in Figure 11. 
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Figure 11. Energy band diagram for a PMOS device at the onset of inversion. 


The onset condition whereby the transistor is capable of conducting current from 
source to drain occurs when Vgs = Vr. For the transistor channel to conduct appreciable 


current, Vgs must be greater than V7, as demonstrated in the plot of Figure 12 where the 
x-intercept of the linear extrapolation of /ps approximates Vr. 
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Figure 12. PMOS Ips-Vgs characteristic curve with Vr. 
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In terms of voltage drops across the device semiconductor and gate-oxide regions, 


Vcs can be represented by 


Vos = as ox° (2.1) 


For the case in which Ves = Vzro where V7zo is the ideal MOSFET threshold voltage 
representation of V7 absent work function and oxide charge effects, Vro 1s given by 


Vio = 29, +, where (2.2) 


~,, = “LE —E;, i; (2.3) 


The Fermi potential gr is related to the impurity dopant potential in n-type bulk or 
substrate region of the PMOS transistor and 1s given by [10] 


0, = aa p/n,) n-type semiconductor. (2.4) 
q 


The oxide potential, @,, 1s the gate to oxide-semiconductor interface potential and is 


Pox = ra aan where ¢,=29, when Ves =Vio, (2.5) 
O so 


where @s 1s referred to as the surface potential. Ks and Ko are the dielectric constants of 


given by 


the silicon and gate-oxide (SiO) materials respectively, and xo is the thickness of the 
gate-oxide layer. Figure 11 represents the ideal energy band diagram for a PMOS device 


at the onset of inversion. 


Eo 1s the energy required by an electron to completely free itself from the 
material; this energy level is referred to as the vacuum level. The work functions of the 
gate material and the semiconductor are given by, ®y and @s respectively and 7 is the 
electron affinity denoting the energy barrier at the surface of the Si-SiO> interface. The 
Dy and y parameters are fixed, material-property dependent, values and @s is a function 


of the channel doping. 
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In our discussion thus far, Equation (2.2) represents the ideal threshold voltage 
equation which makes two assumptions. First, ®y and ®s are equal in value when in fact 
a mismatch exists. Secondly, and more importantly, the oxide charge effects in the gate 
oxide and at the semiconductor-oxide (Si-S1O2) interface are neglected. In reality, the 
work function mismatch contributes a small and predictable @ys potential term. 
However, the oxide charge effects (oxide and interface traps, mobile ions and fixed 
charges) can contribute to significant voltage shifts and instabilities in V7 [10]. Taken 
collectively, the oxide charge effects and @ys terms are referred to as the flatband voltage 
Vrg and when combined with Equation (2.2) yields the non-ideality inclusive threshold 
voltage Vr 

V c= Virw PV ns (2.6) 


in which V7zo 1s the ideal threshold voltage given previously, and the Vr is given by, 


QO, Oury  Qr(O) 
Veg = Pus a7 kee: el oa (2.7) 


in which the Of/C;,, term is attributed to the voltage shift due to oxide fixed charge. The 
Ouy/C,x term accounts for the voltage shift due to mobile ions, and the Q77(@s)/C,, term 
accounts for the voltage shift due to interfacial traps. The yy, term is a coefficient 
normalized to the oxide thickness and represents the centroid of the mobile ions located 


within the oxide. 


The fixed oxide charge is suspected to be due to excess un-reacted ionic silicon at 
the Si-SiO, interface upon the abrupt termination of the oxidation process. This leads to 
a positive fixed charge near the Si-SiO, interface which lowers the transistors threshold 
voltage. The fixed charge is not a function of oxide thickness, semiconductor impurity 
concentration or impurity type but varies with the surface orientation of the Si substrate. 
The conditions upon which the oxidation process terminates have a significant impact on 


the number of fixed charges. 


Mobile ions are a result of contaminates left behind or finding their way in the 
oxide as part of the fabrication process. Though fabrication techniques have been 
introduced to eliminate or trap most of the mobile ions during the fabrication process, 
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they still exist. The presence of the mobile ion has the effect of contributing to bias 


instability of the transistor. 


Interface charge traps N7r take place at the Si1-S102 interface and are primarily a 
result of incomplete, or dangling, Si bonds occurring during the S102 growth phase. 
Most of the interfacial silicon bonds to oxygen and a small amount of silicon later bonds 
to hydrogen leaving the bond electrically inactive. However, the Si-H bonds can break 
under high electric-field conditions allowing the hydrogen to migrate leaving surface 
states which in turn introduce allowed energy levels within the forbidden gap of the 
semiconductor creating trap centers. These interface traps contribute to surface potential 


dependent threshold voltage shifts and degradation in the devices transconductance. 


Not given in Equation (2.7) but also a potential source of threshold voltage shift 1s 
the oxide trap. Oxide charge traps Nor are generally charge neutral defects in the oxide 
that have the potential to trap charge carriers once activated. When trapped carriers 
accumulate in the oxide (as a result of hot carrier injection or radiation), the effect is a 
shift in the transistors threshold voltage and, over time, a sufficient accumulation of 
trapped charge due to activated oxide trap centers can lead catastrophic transistor failure 


such as time-dependent dielectric breakdown, or TDDB. 


C. PMOS NBTI 
1. Introduction 


The NBTI phenomenon has been know for decades and was first observed in the 
1960s during early CMOS process development [10]. After process improvements 
diminished this effect, SiO. had proved to be a near ideal material for the gate oxide 
dielectrics used in CMOS processes. It was, compared to other material systems, an 
extremely reliable material and nearly perfect insulator with desirable electrical 
properties (high bandgap material) that was most suitable for the fabrication of CMOS 


semiconductor devices (high melting point; easily grown on Si with introduction of 
oxygen). 
Eventually, device scaling demands exceeded what SiO, could provide. With 


gate-oxide thicknesses approaching | nm, gate leakage currents due to electron tunneling 
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became intolerable as a result of the corresponding and dramatic increase in device power 
dissipation. Though new material systems (SiO,Ny followed by high-k) were introduced 
to address the gate leakage issue, due to the increased electric fields and operating 
temperatures that also came with scaling, they proved to be less reliable. As a result, 
over the past decade, NBTI in PMOS devices has become the dominate reliability 


concern in the semiconductor industry. 


In the discussion that follows, the characteristics of NBTI will be presented, 
followed by the physical mechanisms behind NBTI. After which, the characteristic, or 
empirical, model that characterizes NBTI dependence on electric-field strength, 
temperature, and stress duration, 1s presented; concluding with a discussion of NBTI 
measurement techniques used to characterize the changes 1n the key electrical parameters 


of the PMOS transistor. 


Di Characteristics of NBTI 


NBTI, as primarily a PMOS transistor wearout mechanism, is characterized by 
the degradation of key electrical parameters resulting from the device operating at an 
elevated temperature while under a negative gate-bias voltage [9]. NBTI worsens with 
time (stress duration) and is strongly influenced by operating conditions such as the 
increased electric fields and operating temperatures inherent in modern semiconductor 
technologies. NBTI is also a well documented recoverable phenomenon where a 
significant portion of the degradation incurred during the stress regime recovers once the 
stress 1s removed; hence the “instability” term in NBTI. The key electrical parameters of 
the PMOS transistor that can be dynamically affected by NBTI are the device V7, 2m, Ley; 
and Ips. The PMOS transistor under DC stress bias condition required to induce NBTI is 


shown in Figure 13. 
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Vz = Vtress 





Figure 13. A PMOS transistor under negative DC bias stress to induce NBTI. 


The two physical defects responsible for NBTI, an increase in the number of 
interface states and hole trapping near the interface, N7r and Ny7, respectively are 
illustrated in Figure 14 [22]. As a result of bias and temperature stressing, the effect 
related to the oxide defect is positive charge trapping resulting from activated oxide hole 
traps which leads to a decrease of the V7 causing it to become more negative (increase in 


magnitude). 
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Figure 14. Cross-section showing location of interface and oxide trap centers, from [22]. 


The interface defects result in positive charge trapping at the interface leading to 
degradation of the uw. and contribute to a decrease (increase in magnitude) of the V7. In 


terms of the Vg, the change 1n the V7 can be written as 








in which the N77, Nyr, and assuming the existence an oxide trap component Nor, are, 
respectively, responsible for the Q;7, Oyr, and the Qor terms. The normalized plot of 
Figure 15 illustrates the characteristic nature of the change in the V7 over time due to a 
constant DC stress on a linear and log-log scale. 
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Figure 15. Characteristic AV; curve for continuous DC stress. 


The AV equation takes on the form 


AV, = A(E,,,T)xt", (2.9) 
in which the pre-factor term A(E,,,7) represents the electric field and temperature 
dependent parameters responsible for the V7 degradation due to NBTI. In the most 
current literature the power law exponent n has been reported as being approximately 


equal to 1/6. 


The Ip-Vg curves of Figure 16 demonstrate the effect NBTI has on device 
characteristics, primarily a negative translation of the curves on the horizontal axis is an 
indication of positive charge trapping responsible for the negative shift in the Vr and a 


decrease in the device yas evidenced by the spreading out of the [p-Vg curve. 
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Figure 16. Plot of parametric degradation characteristic of NBTI. 
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In Figure 17, the separate contributions to AV; by the interface states, hole 


trapping, and bulk-oxide trapping are shown, where the total contribution to AV7 1s given 


by 
AV, = AV,, + AV,,, + AV,,, (2.10) 


which is consistent with Equation (2.8). 
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Figure 17. Time evolution of degradation due to NBTI, from [23]. 


From a temporal perspective, it is observed that the AV7-yr process occurs first 
then saturates, which is then followed by the AV7;7 and the subsequent AV7-o7 processes. 
According to Mahapatra et al. [23] the AVr;r component is attributable to, and thus 
modeled by, the R-D framework discussed in the following section regarding the physical 


mechanisms leading to NBTI. 


Once the stress is applied, degradation in V7 as a function of time similar to that 
shown in Figure 15 1s observed. However, once the stress is removed (within a second) a 
significant amount of recovery (AV rrzc) also occurs. The plots of Figure 18 provide a 
notional illustration of the recoverable nature of the NBTI phenomenon observed once 
the negative bias stress is removed. This NBTI recovery component is attributed to the 
near-instantaneous de-trapping of the oxide and bulk traps; the de-trapping of the 


interface states (AV pnonrec) proceeds in a back diffusive process where hydrogen 


28 


dissociated from the interface during the stress cycle make their way back to the interface 
and re-passivate dangling bonds during the recovery phase over a much longer period 


[23]. 
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Figure 18. Stress induced NBTI with recoverable and permanent components of AV7. 


It should be noted that the recoverable component did not gain attention until the 
early-2000s when researchers were at odds with the seemingly disparate reporting of data 
obtained from similar technologies. As it turned out, the measured degradation in the 
threshold voltage was highly sensitive to the interval between stress removal and 
threshold voltage measurement. If the measurement cycle began too soon after the stress 
was removed, a portion of the fast-recovery component would corrupt a measurement 
intended to capture the long-term degradation of the device and thereby over reporting 
the amount of degradation. The interval between stress removal and measurement cycle, 
distinguishing between short-term (recoverable) and long-term (non-recoverable) 
components, is about one second. The fast-recovery component occurs practically 
instantaneously, on the order of 10° ~ 10° seconds. Whereas the long-term component 
exhibits recovery, but on a much longer time scale covering several decades; nearly 


imperceptible on the time scales used for the measurement period. 
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This realization spawned a great deal of interest in fully characterizing the NBTI 
phenomenon that eventually led to the current controversy surrounding NBTI. Is the 
long-standing R-D model valid for characterizing NBTI? It 1s not the author’s intent to 
solve this controversy here; however, a review of the two competing theories in terms of 


the physical mechanism behind NBTI follows. 


3. Physical Mechanisms of NBTI—Competing Hypotheses 


The debate regarding the physical mechanisms behind NBTI in PMOS 
devices remains hotly contested and to this day unsettled. There are two main competing 


theories that attempt to account for the NBTI phenomenon. 


The first and long-standing theory until recently is R-D model involving 
hydrogen disassociation (or depassivation) from the S1-SiO, interface and diffusion into 
the gate-oxide. The second model proposes, and to a first order substantiates, the theory 
that hydrogen transport as described by the R-D model does not adequately characterize 
the NBTI phenomenon [15]. This alternate model is referred to as a switched-trap model 
where hole tunneling across the interface and trap-switching to and from interface states 


to trap centers within the oxide occurs. 


The latter model is compelling as it attempts to account for the 
instantaneous recovery component observed in NBTI; whereas, the R-D model 
throughout its existence has failed to account for this component. Neither model 
universally accounts for both the stress and relaxation phases of NBTI; however, what 
both models do is propose a physical-based hypothesis to explain the NBTI phenomena 


for both the stress and recovery phases based on empirical observations. 


a. R-D Theory (Purdue and IIT) 


The R-D model involving the disassociation of hydrogen from the S1-S10> 
interface and diffusing into the gate oxide, first introduced by Jeppson in 1977 [24] and 
espoused primarily by Purdue University and the Indian Institute of Technology (IIT) is 


presented in Figure 19. 
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Figure 19. Cartoon from [12] depicting hydrogen transport attributed to R-D theory [14]. 


From Figure 19 it is observed that under negative bias a hydrogen atom 
dissociates from the Si-SiO, interface and diffuses into the SiO, leaving behind a 
dangling bond defect at the interface. This process can be represented by the 


electrochemical reaction [25] 
Si-H — St +H,+A, (2.11) 


in which H, is hydrogen in a mobile state and H; is hydrogen in a trapped state. It is 
generally assumed in the R-D model that all dissociated H 1s available for diffusive 
transport, and therefore, H, = 0. Furthermore, it is assumed the dissociated hydrogen 
quickly combines to become molecular H>. In its formulation of the R-D model [14], 
interface state generation rate takes the form given by [25] 


= # = kp (Ny—Ni,)—kpN, Hy". (2.12) 





Ni represents the density of the generated interface trap as a result of broken Si-H bonds. 
No is the pre-stress number of passivated Si-H dangling bonds available to contribute to 
interface state generation. Dissociation and anneal rates for how fast the bonds break and 
anneal are given by kp and kp, respectively; these rates are dependent on the electric-field 
across the oxide and temperature. The number of unbroken Si-H bonds is given by the 
No— Ni term. Hi; ue represents the number of mobile hydrogen and the //a term gives the 
order of the hydrogen reaction. For H and H’, a= 1; and, for Ho, a = 2, assuming once 


—_—_—__ 


again, instantaneous conversion of H ——H,. Finally, it is assumed that at t= 0, Ni = 0; 


and, all N;, generated contribute equally to AV 7. 
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With the goal of demonstrating the contribution of N;,(t) to AV7, and 
following the logic in [14], an equation is derived for AV z(t) in the form 
AV, (t)= A(E,,,T) ¢". OME) 


OX 


Beginning with Equation (2.12) and realizing the rate at which interface traps are being 
created is extremely slow (quasi-equilibrium state) and that the number of Nj; created 1s 
only a small fraction of No, therefore 

dN i, 


== 0 and (N,—N,,)* No: (2.14) 





and as a result, 


kN, &k,N,H. (2.15) 


Here it is assumed the exponent on Hj; 1s a = 2 implicit in the kp term. 
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Figure 20. > diffusion into oxide resulting from R-D process, from [14]. 


However, once free of the interface, the hydrogen reacts to form A. 
Whereas the concentration of H> in the oxide is given graphically in Figure 20, the area 
under the curve gives the number of interface traps as a function of time, Nj (i). 


Mathematically, this can be represented by 


N,,(t) = 5 Hi Dy, t. (2.16) 


ov 


in which a = / for the exponent term on Aj, and the Dy term is the diffusion rate, or 
diffusivity, for H2 within the oxide. Solving for H;, in Equation (2.16) and substituting 
the result into Equation (2.15) yields 





2 
ni (s)=4| Bete Dyt (2.17) 
resulting in 


(2.18) 


From Equation (2.18) the interface trap generation takes on the generally 
accepted and often reported power-law time exponent of n = //6. Again, assuming all 
generated Nj; contribute equally to the change in V7, to obtain AV; in the form of 


Equation (2.13) in terms of Ni, gNir(t) is substituted for O77, which results in 


AV, (y= A) (2.19) 


OX 


and 


kN, DY |" 
AV. || ye (2.20) 


q 
aa 


Though the R-D model does a good job of predicting the power law 
exponent during stress, it fails to accurately predict or model the recovery (or relaxation) 
observed without significant modification to the model. One reason for this failure of the 
model is that it does not account for the fast recovery component of NBTI and 
furthermore it only predicts out to three or four decades the long-term recovery; whereas, 
the observed long-term recovery has been demonstrated to takes place over twelve 
decades as reported by Grasser et al. [25]. In defense of the R-D framework for modeling 
NBTI, Purdue and IIT account for this disparity by isolating the recovery contribution 
due to hole-trapping and oxide-trapping thereby introducing a modified R-D model in 
which hydrogen still plays the prominent role [22]. 
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b. Reaction Dispersion Diffusion Model 


Due to the inability to the R-D framework to accurately model the 
characteristic recovery phase of NBTI, the reaction dispersion-diffusion RDD model has 
gained some acceptance [25]. The RDD model makes use of the kinetic equation 
describing the reaction at the interface, repeated here for convenience: 

ON, 
Ot 





=kr (No —Ni)—keNi ty”. (2.21) 


Whereas the R-D model of transport is drift-diffusion based on mobile 
hydrogen, Hi, = H., the RDD model 1s trap-based in which H;, = H;. As with the R-D 
model, the RDD model assumes the generation of N;, due to NBTI takes place slowly 
and, therefore, also assumes 
ON 


—i~0. 222 
Fo (2.22) 


The dispersive transport process for hydrogen [26], 1n which particles that 
have dissociated from the interface and residing in the conduction band £, can fall into 
oxide traps and be subsequently reemitted into the conduction band, is illustrated in 


Figure 21. 
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Figure 21. Dispersive Transport of hydrogen in an amorphous material, from [26]. 
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Though most hydrogen resides in a trapped state, the frequency of 
reemission into the conduction band is higher for those in shallow traps, and lower for 
those in deep traps with the demarcation line between the two given by Ey. The hydrogen 
occupied trap density is given by p(E,). Also shown 1s the density of states g(E,) for traps 
within the forbidden gap. However, like the R-D model, this model fails to accurately 


describe the time-scale of the long-term recovery component [27]. 


c. Switched-Trap Model 


Recently, a new model for describing NBTI has emerged and is gaining 
acceptance as an alternative to the R-D model. This model, referred to as the switching 
oxide trap model, or switched-trap model, has its origins from earlier work performed in 
the radiation effects community most notably by Lelis and Oldham [28]. In [28] Lelis 
presented the switched oxide trap model, or HDL (Harry Diamond Laboratory) model, 
that described the oxide charge trapping dynamics at suspected oxygen vacancies (E’- 
centers) in the SiO, near the Si-SiO, interface due to irradiation. Later, Conley et al. 
confirmed the E’-centers were in fact acting as the switched-trap centers [29]. In the 
work on radiation effects, researchers observed that interface state generation followed 
the oxide hole-trap process. However, it was not understood whether the two processes 


were independent of each other or coupled. 


The switched-trap model of Figure 22 proposed by Goes et al. [30] adopts 
the HDL model for NBTI to describe the hole-trapping dynamics and extends it to 
include the interface state generation component as well. The significance of this model 
is that Goes proposed that the oxide hole trapping and interface state generation where 
two tightly coupled mechanisms that could be described as a two-stage process by which 
the oxide hole trap occurs first (at an E’-center) which then sets up the condition for the 


generation of an interface state (at the P,-center). 
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Figure 22. Switching traps process between E’- and Pp-centers, from [30]. 


In the discussion that follows, each of the state transitions in Figure 22 are 


described in detail—beginning with the precursor neutral defect state. 


In State (1) neutral precursor defects known as E’-centers (Si—Si bond 
where each Si atom is back-bonded to three oxygen atoms) near the interface and P,- 
centers (Si—H bond) at the interface are present in the material system as illustrated in 
Figure 23. The band diagram illustrates the location of the neutral E’-center precursor 


that resides 1s approximately 1 eV below the silicon valence band edge. 
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Figure 23. State (1), system prior to NBTI stress. 


Once the NBTI stresses are applied, a lowering of the energy barrier 


occurs as a result of the applied electric field. Furthermore, holes accumulate at the 


interface as demonstrated in Figure 24. 
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Figure 24. State (1), system under NBTI stress. 


In Figure 25 a channel hole tunnels into the oxide in the vicinity of the E’- 


center precursor. 
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Figure 25. State (1) prior to hole capture and structural relaxation of the E’-center. 


In Figure 26 the transition from State (1) to State (2) occurs when the hole 
becomes trapped resulting positive oxide charge followed by a structural relaxation on 
one Si atom and an unpaired electron on the other. The energy level of the activated E’- 


center increases as a result, residing in the lower half of the S1 bandgap [31]. 
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Figure 26. State (2), hole capture and E’-center structural relaxation. 
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In going from State (2) to State (4) the activation of the Pp-center occurs, 
by hydrogen dissociating from the interface, which in turn creates an interface state; this 


is followed by the H bonding with the unpaired Si electron thus becoming trapped as 
illustrated in Figures 27 and 28. 
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Figure 27. State (2) prior to H dissociation and interface trap generation. 
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Figure 28. State (4) H capture at E’-center and interface state creation. 
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In going from State (2) to State (3) hole emission (electron capture) occurs 
neutralizing the E’-center defect (charge neutral). In this state, the energy level remains 


the same as the hole-trap state. From this state, 1t is possible for full recovery to occur 


retuning to State (1). 
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Figure 29. State (3), electron capture and E’-center neutralization. 


For devices with oxides consisting of SiON, it has been shown by 
Lenahan et al. that K-centers (nitrogen vacancies) in the oxide function as P,-centers did 


at the interface for SiOz, calling the role of hydrogen in the process into question [15]. 


4. Characteristic (Empirical) Model for AV; due to NBTI 


Recall the equation for V7 degradation due to NBTI given by 
BM) =A(E,T) t’, (2.23) 

TO 
where 7 is the power-law exponent and A(E,,, 7) is a function of the vertical electric-field 


across the oxide and stress temperature. The A(£,,, 7) term can be written as [12] 


AE T)=Co SelFax) Sr): (2.24) 


The coefficient C, is a function related to the Si—H bond concentration at the interface 


and the exponential functions fg and f7 are given by 
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fi(E.) a Ex (2.25) 


and 
f(T) = ett (2.26) 


The equation for fg is power-law dependent with exponent m on the applied electric field, 
E.x. For fr, E4 1s the NBTI defect activation energy, and kg is Boltzmann’s constant. E'4 
and m are empirically obtained through device characterization under varying bias and 
temperature stress conditions. The field-dependent equation fg need not be a power-law 
equation, but rather could be an exponential expression [32]. The exponential model for 


fe would take the form 


fe (Eoy) = oe (2.27) 


The field-dependent degradation factor is given by the coefficient a in units of cm/MV. 


The usefulness of Equation (2.23) 1s that 1t can be used (rewritten) to determine, 
the time-to-failure (TTF) of a device under a particular NBTI condition by invoking a 
boundary condition; for example, this can be accomplished by establishing a degradation 


criteria of AV7/V7o = 10% and then solving for ¢ to obtain the TTF 


I/n 
TTF = aon | (2.28) 
AE 2.1) \ Veg. Jee 


OX 





A similar technique can be employed to characterize and predict TTF for other 


device parameters such as gy, eg, and Ips. 


>: Measurement Techniques for Characterizing NBTI 


There are three main measurement techniques used to characterize NBTI: The 
stress-measure-stress (SMS), the on-the-fly (OTF), and the charge-pumping (CP) 
techniques. Each technique 1s utilized to capture specific information about the nature of 
the NBTI during stress and relaxation periods. The following gives a brief discussion of 


each technique. 
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a. Stress-Measure-Stress 


The SMS technique is the conventional method for extracting AV. It does 
so by applying a negative bias stress at an elevated temperature for a period of time then 
temporarily removing the stress for device characterization as illustrated in Figure 30. 
Immediately after the characterization 1s completed, the stress is reapplied until the next 


measurement period 1s due. 
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Figure 30. Illustration of the SMS method of AV7 extraction. 


This technique is useful in determining the long-term V7 degradation. 
However, care must be used in its implementation as the instantaneous recovery 
component of NBTI may corrupt the long-term data if insufficient time elapses between 
stress removal and the start of the measurement phase. This technique was implemented 


in the device testing carried out in this research as described in detail in Chapter III. 


b. On-the-Fly 


The OTF techniques monitor the changes in /ps in the linear region of 
operation in real-time; then, post-processing of the data converts the changes in Ips to 
changes in Vr assuming that changes in Jps are highly correlated to changes in V7, and 


Ain, _ AV, 





(2.29) 


nso Vio 
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The usefulness of the OTF technique is that by monitoring changes real- 
time under stress conditions the real, or operational, V7 1s extracted—inclusive of the fast 
recovery component. One of the drawbacks of the OTF methods 1s that a drain current 
must be flowing across the channel continuously—which means that the gate-voltage 
across the oxide is not uniform from source-to-drain; furthermore, if care is not taken in 


selecting the bias conditions, hot-carrier action may corrupt the data. 


c. Charge-Pumping 


The CP technique is primarily used to differentiate between the interface 
and oxide charge contributions to AV7. It does this by flooding charge carriers into and 
out of the gate channel by applying voltage pulses to the gate. While the channel is in 
inversion, positive traps fill the energy gap; and, when the channel is in strong 
accumulation, the traps vacate. This trap charging and discharging at the interface is 
picked up electrically as a charge-pumping induced substrate current, icp. The interface 
trap density Nj, can be extracted from the relationship [32] 


Np (2.30) 


q A, J cp ) 
where A,, 1s the device gate area and fcp is the frequency of the voltage pulses applied to 


the gate. 


This technique 1s particularly useful because it allows the N;, extraction of 
minimum geometry transistors; however, this technique is difficult to implement as it 1s 
sensitive to bias during implementation which can introduce error is extracting interface 
traps. Furthermore, its usefulness on devices with ultrathin oxides is diminished due to 


tunneling currents overwhelming the icp component of the measurement. 


D. IONIZING RADIATION: TOTAL IONIZING DOSE EFFECTS 
1. Introduction 


In the discussion that follows, charge trapping 1n the oxide and interface regions 


of the CMOS device as a result of total 1onizing dose radiation 1s presented. 
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Zs Ionizing Radiation Effects on MOSFET Devices 


Ionizing radiation and TID effects cause charge trapping in the gate dielectric and 
isolating oxide regions of the MOSFET device and charge trapping in the field oxide 
regions between devices as demonstrated in the energy band diagram of Figure 31. 
When energetic particles encounter these regions of the semiconductor electron-hole 
pairs are created; and, under the influence of an electric field, the electrons being highly 
mobile compared to holes get swept up in the electric field and drift away leaving the less 
mobile positively charged hole behind in the oxide. Furthermore, interface states are 
created the Si-SiO, interface. The positively trapped charge and interface state creation 


results in a shift in the PMOS threshold voltage. 
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Figure 31. The effect of ionizing radiation on the PMOS device. 


The ionizing process due to the radiation encountered by the PMOS 
device (SiO, on n-type substrate) is illustrated in Figure 31. The scenario unfolds as 
follows: a particle with kinetic energy fv, in which h 1s Planck’s constant and v is the 
particles frequency, encounters and reacts with the atomic structure of the gate oxide. 
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What occurs next is highly dependent on the particle energy, the material properties 
(bandgap energy #g and work function, ®) of the MOS structure and the electric fields 
present within the MOS device [33], [34]. However, assuming that the incident particle 
has energy sufficiently in excess of the S102 bandgap (hv~18 eV) [35] and that an 
electric field present in the oxide is on the order of magnitude of that encountered under 
normal operating conditions (£,, > 0.5 MV/cm), the process 1s as follows: 


® An electron-hole pair is generated due to the particle colliding with and 
losing energy to a valence band electron in the S1Q,. 


® Given that the energy imparted on the valence band electron is in excess 
of Eg, the electron is excited into the conduction band leaving a hole 
behind. 

® The electron, being highly mobile, gets swept across the oxide to the gate 


electrode by the electric field; and, the hole, being far less mobile than the 
electron, “hops” from localized state to localized state through the oxide 
toward the gate where it can become trapped at a deep hole trapping E’- 
center or tunnel out of the oxide into the poly-silicon gate. 


e The abundance of holes at the S1-Si0O> interface due to, and under the 
influence, of the electric field can tunnel into the oxide where they can 
become trapped at E’-centers. 


e During the hole-transport process near the interface it is believed that the 
reaction of the hole with the E’-center allows for interfacial hydrogen 
bound to Si dangling bonds to dissociate from the interface P,-center 
forming an interface trap N7r. 


To summarize, MOS devices, under favorable biasing conditions and 
exposed to ionizing radiation undergo e-/ pair creation within the SiO, and the activation 
of precursor E’-centers to form positive oxide charge trap centers near the interface. 
Under the influence of Eoy, electrons are quickly swept out of the oxide; however, holes, 
having a much lower mobility in SiO, than electrons hop via localized states until they 
are captured at deep level traps near the SiO2-gate interface. During the hole transport 
process, hydrogen dissociates from the interface, leading to the formation of interface 
traps. The ionizing radiation process thus results in three radiation-induced charge 


transport possibilities: oxide traps, E’-center hole traps, and interface traps (Pp precursor). 
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In Figure 32, the NBTI switching trap model described in detail in the 
previous section is presented here in its original form as proposed by Lelis et al. used to 


describe the charge transfer dynamics in S102 due to 1onizing radiation. 
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Figure 32. The HDL switching oxide trap model, from [28]. 


Bond reformation 
(true annealing) 


Where field and temperature stresses provided the energy to activate the 
E’-center in the switched trap model for NBTI, here ionizing radiation provides that 


energy. 


However, at the time Lelis published his work, the role of interface traps 
with respect to hole trapping in this physical process was not well understood. As will 
be revealed later, the effect of 1onizing radiation on the MOS device is highly dependent 


on biasing and temperature conditions. 


b. Ionizing Radiation Effects on MOSFET Parameters 


Oxide traps primarily affect the Vr of the MOS device due to the addition 
of positive oxide charge. Interface traps primarily affect the MOSFET effective mobility 
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but also have an effect on the V7. The change in the V7 manifests itself as a change in the 


device V rp: 
AQor AQir(¥s) 
AV is “Ee (2.31) 


It is important to note that Og, as was the case for Oy, 1s a function of the 
centroid of the charge distributed throughout the oxide relative to the metal-oxide and 
oxide-semiconductor interfaces. The closer the centroid to the oxide-semiconductor 


interface, the stronger the influence the trapped charge has on the V rz. 


The AQ7r due to the change in N77 will manifest as degradation in not only 
the change in V7 due to AV rz, but also in the effective channel mobility. From the work 
of Sexton and Schwank [36] 1t was demonstrated that the mobility degradation could be 


fitted to an analogous empirical model given by 


Lg = aa (039) 

For the NMOS device, the oxide traps have a decreasing effect on the 
device V7 whereas the interface traps being negative in nature for the n-channel device 
have the effect of increasing the threshold voltage. For the PMOS device, both interface 
traps, being positive in nature for p-channel devices, and positive oxide charge both work 
to decrease (increase in magnitude) PMOS V7. In terms of device performance, generally 
the NMOS transistor becomes harder to turn off and the PMOS transistor harder to turn 
on due to Vr shifts due to oxide trapping. However, both also suffer from channel 
mobility degradation resulting in the degradation of g,, and the transistor drive-current 


Ion, also known as the drain current in saturation /ps47, due to interface charge trapping. 


The effects of oxide and interface trapping on the /-V characteristics are 
given in the plots of Figure 33 in which the curves demonstrate the effects of positive 
oxide traps and the spreading of slope of the post irradiated device indicative of interface 


traps. 
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Figure 33. Ip-Vcg curves demonstrating radiation effects on an PMOS device. 


3: Ionizing Radiation Effects on Modern Devices 


It is commonly accepted that TID effects in state-of-the-art semiconductor 
processes will be minimal [17]. This is due to the smaller gate-oxide thicknesses and 
cross-sectional areas (1.e., smaller gate area of the transistor) that are a result of the course 
of device scaling. This is supported by predictions made by Pierret [10] where it can be 
shown that AV; due to oxide traps is proportional to the square of the oxide thickness £,,. 
Due to these thinner oxides, it 1s also surmised that the increased gate leakage currents 
from electron tunneling in advanced technology nodes has a larger effect, to many orders 


of magnitude, than those as a result of ionizing radiation. 


Though the trend of reduced total dose effects reported as a function of advancing 
technology node supports this assertion there have also been reports of enhanced TID 
effects due to the increase in the number interconnect layers inherent in state-of-the-art 
processes [18], [19]. Furthermore, high-k dielectrics, used to minimize gate tunneling 
currents by allowing thicker gate oxides to be manufactured while maintaining or 
improving the transistors drive strength, have larger gate-oxide volumes which could give 
rise to increased charge trapping in the gate oxide as a result of ionizing radiation as 


demonstrated in [20]. 
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E. COMPARISON OF PHYSICAL MECHANISMS 


As presented in the two previous sections, TID radiation and NBTI can affect the 
same PMOS device parameters (V7, 2m, Mey, and Jp) with similar electrical degradation 
characteristics. While both degradation due to 1onizing radiation and NBTI involve the 
activation of trap centers and the trapping of carriers at the interface and within the oxide, 
the processes by which the trap centers are activated are not similar. For NBTI, the 
activation of trap centers and charge trapping is achieved by an applied negative gate bias 
at an elevated temperature; whereas, for TID, the activation of trap centers and charge 
trapping are a result of energetic particles incident on the gate-oxide and adjacent bulk 
and gate-poly regions producing an excess of e-h pairs—possibly in the presence of an 
applied bias enhancing the process. However, it is believed that both NBTI and TID 
radiation activate and engage the same defect centers; E’-centers in the oxide and P>,- 


centers at the Si-SiO> interface (or, alternatively, K-centers in the case of nitrided oxides). 


It has been frequently stated in the literature that NBTI in PMOS devices is the 
most pressing reliability concern of the day. At the same time, it has been suggested that 
due to decreased gate-oxide volumes resulting from ultra-thin dielectrics that oxide traps 


due to ionizing radiation should be minimal. 


However, research reported in the literature on the combined effects of NBTI and 
TID radiation is minimal [17], [20], [21]. For older technologies, NBTI was not yet a 
substantial reliability threat; on the other hand, TID effects were. For newer 
technologies, NBTI is a pressing reliability issue; but TID effects are assumed not. 
However, with the introduction of new material systems with larger gate-oxide volumes 
and higher sensitivity to BTS, both TID radiation and NBTI effects could be an issue 


during the same era. 


Research initially performed by Zhou [20] and continued by Chen [21] examined 
high-k capacitor structures manufactured in a research environment and concluded that, 
in the case of early high-k dielectric structures, the combined effects of BTS after 
ionizing irradiation was worse than the sum of the effects performed separately. Though 


the subsequent results reported by Chen on refined high-k devices showed improved 
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results, subsequent research on the combined effects of TID radiation and NBTI on 
devices produced on commercially available CMOS processes has not been reported in 


the literature. 


In the research performed by Zhou experimental capacitors of HfO2- Al,O3- and 
S10 -based dielectrics were formed on p-type, n-type and n-type Si substrates, 
respectively. The capacitors were exposed either to X-ray radiation, or BTS, or to X-ray 
radiation prior to BTS induced degradation. It was demonstrated for certain 
combinations of bias during irradiation and post-irradiation BTS conditions that the 
combined effects were much worse than the effects observed separately; with the worse 
case being devices irradiated under positive- or zero-gate bias then subjected to negative 
BTS. The results for the HfO2-based devices under various cases of irradiation and stress 


bias conditions are summarized in Figure 34. 


AVIV] 





Experiment Conditions 
Figure 34. Experimental results of TID, BTS, and combined TID and BTS, from [20]. 


The conditions the devices were subjected to during experimentation are given 
within the parenthesis, “(#/#),” where the “-” indicates negative bias, the “+’ positive 
bias, the “O” zero-bias, and “no” indicating the respective experiment was not performed. 


Of particular interest is the observation that the sum of the degradation seen in Case 2 
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(zero-bias TID, no BTS) and Case 4 (no TID, NBTI) 1s much-much less than the 
degradation seen in Case 7 (zero-bias TID followed by NBTI). A similar observation can 
be made with regards to Cases 3, 4, and 8. Clearly, for this material system, the BTS 
response is significantly enhanced by the TID. The authors attribute these results to the 
creation of oxide dipoles during irradiation after which, the dipole electrons are then 
swept from the oxide during BTS. The scenario for Case 7, a S102-based PMOS device 


is illustrated in Figure 35. 


Erm 


Gate 





Figure 35. Case 7: Zero-bias irradiation (left) followed by NBTI (right). 


The worst case for the Al,O3- and S10 2-based devices was observed for negative 
bias during irradiation and NBTI. For the S10 -based device, the worst-case result 
coming under negative bias during irradiation is somewhat inexplicable as it appears to 
be, admittedly by the authors of the research and without explanation, generally at odds 
with the literature. Based on their results, the authors propose that for a SiO2-based p- 
channel MOS capacitor, the worst case response for the device would be for it to be 


subjected to a negative bias during irradiation, followed by NBTI. 


However, it is this author’s opinion that based on the literature, research, and 
analysis presented in this chapter that a potential worst case, and operationally relevant, 


scenario for PMOS devices will be radiation exposure under zero-bias condition followed 
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by NBTI. The kinetic nature of the degradation could be the creation of dipoles within 
the oxide during irradiation, specifically radiation induced activation of precursor E’- or 
K-centers, followed by hole-capture and structural relaxation during NBTI, leading to an 


enhancement of NBTI process and its effects on device parameters. 


F. CHAPTER CONCLUSION 


This chapter began with the introduction of the PMOS material system under 
study and a discussion of the MOSFET threshold voltage. This was then followed by a 
discussion on the background, characteristics, and controversy surrounding NBTI in 
PMOS devices—this unfolding story is still unresolved. This discussion then led us into 
the subject of TID radiation effects in these same devices. Finally, the realization that 
very possibly the same defect centers (E’- and P,-precursors) and physical mechanisms 
(trap-switching) within the MOS device are common to TID radiation and NBTI in 
PMOS devices. In the chapter to follow, the experimental approach for evaluating this 


realization 1s explored. 


SZ 


Hl. EXPERIMENTAL APPROACH FOR EVALUATING THE 
COMBINED EFFECTS ON THE P-CHANNEL MOSFET 


The discussion of Chapter II concluded with the combined effects of irradiation 
and bias-temperature stress which, through the work of Zhou, demonstrated that the 
combined effects of irradiation and bias temperature stress can be far worse than the sum 
of the effects taken separately [20]. This potential for accelerated degradation leads to 
the question: how do the results of Zhou, obtained from experimental capacitors 
introducing novel material systems, compare to the material system being researched in 


this dissertation? 


Toward answering this important question, the overarching experimental 
methodology employed in the device characterization is given, followed by the 
description of the apparatus used in the carrying out the methodology. Finally, the 
chapter concludes with the determination of the electrical and environmental parameters 
needed to demonstrate and evaluate the sensitivity of this material system to TID 


radiation and NBTI. 


A. COMBINED EFFECTS—EXPERIMENTAL APPROACH 


In this section, the experimental approach toward investigating the combined 
effects of TID radiation and NBTI on the p-channel MOSFET 1s presented. With MIL- 
STD-883H, Method 1019.8, “Ionizing Radiation (Total Dose) Test Procedures” and the 
JEDEC Standard, JESD90, “A Procedure for Measuring P-Channel MOSFET Negative 
Bias Temperature Instabilities” as references, the discussion begins with the experimental 
methods employed; followed by the test and measurement apparatus used in the 
experiments. Details are then given describing the preparation of the devices for the 


experiments. 


1. Experimental Methods 


In this section, the two experimental methods used as frameworks 1n carrying out 
the experimental approaches are presented. First, the method for performing the ionizing 


radiation followed by NBTI experiments is discussed which is then followed by a 
3 


discussion of the method used for completing the concurrent ionizing radiation and NBTI 


experiments. 


a. TID Irradiation Followed by NBTI 


In Figure 36, the test flow diagram prescribed by Method 1019.8 was 
adapted to include the JESD90 standard for the purpose of carrying out NBTI 


characterization following TID irradiation on the devices under test. 


Select Dose Rate 
Select Dose Rate and Worst-Case 


(Method 1019.8 Section 3.8) Irradiation Bias 
Conditions 


Pre-Screen and 
Electrical Characterization Characterize 


(Method 1019.8 Section 3.8) Devices Prior to 
Irradation 


Irradiate Devices to Specified Dose 
(Method 1019.8 Section 3.9) 


lrradiate Devices. 
After which, 
perform 
characterization 
within one hour. 
Electrical Characterization 


(Method 1019.8 Section 3.8) 


Room Temperature or 
Accelerated Anneal 


(Meth. 1019.8 Section 3.11/12) Select Worst- 
Case Bias & 


Temperature 
Conditions for 


Electrical Characterization TID Response 


(Method 1019.8 Section 3.8) 


Select Worst-Case 
NBTI Characterization Bias and 


(JEDS90 replaces 1019.8 Section 3.12.2.b) Temperature 
Conditions for NBT 





Figure 36. Modified Method 1019.8 (MIL-STD-883H) flow for NBTI after TID. 
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In essence, Section 3.12.2.b of Method 1019.8 which calls for the 
accelerated annealing of the test device by subjecting the device to worst-case static bias 
conditions at an elevated temperature after irradiation was replaced with JESD90 which 
calls for NBTI testing with bias and temperature conditions favorable for characterizing 
device NBTI. Since the purpose of the experiments was to characterize the devices, 
pass/fail criteria normally part of the prescribed flow were not applicable. The adapted 
flowchart also shows an option to carry out a room temperature or accelerated anneal 


after TID irradiation prior to NBTI. 


The stress-measure-stress flow for carrying out the NBTI characterization 
in Figure 36 is detailed in the test flow diagram of Figure 37. Under this flow, device 
stressing is performed with a constant-voltage bias applied to the gate terminal at an 
elevated temperature. The voltage stress is periodically removed to perform device 
characterization; after which, the stress is reapplied for the next cycle until all stress 
cycles are completed. It is standard under JESD90 for the stress interval to take on a 
logarithmic progression (1.e., 1, 3, 7, 10, 30, 70, ... 700,000 seconds) due to logarithmic 
nature of the AV; degradation; however, data may need to be collected on a shorter time 


interval. 
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Establish Test Criteria and 
Stress Conditions 
Select Test Device 
Initial Characterization 

Yes 
Stress Cycle 
Test 
Complete 


Figure 37. NBTI Characterization test flow. 
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b. Concurrent TID Radiation and NBTI 


The flowchart of Figure 37 provides an equally applicable methodology 
for carrying out NBTI characterization while the device is being irradiated. In this 
regard, ionizing radiation was incorporated into the NBTI test and TID treated as an 
additional environmental variable. The experiments carried out under this methodology 
were designed to investigate the progression of NBTI in an ionizing environment. As of 
this writing, there have been no reports in the literature of the characterization of NBTI 


while the device is being subjected to 1onizing radiation. 


Zs Apparatus 


The radiation source was a J. L. Shepherd and Associates Co-60 irradiator that 
produce 1.25 MeV gamma-rays, at the DoD’s Defense MicroElectronics Activity 
(DMEA) Science and Engineering Gamma Irradiator Test (SEGIT) facility located in 
McClellan, CA. For irradiations and concurrent NBTI testing at elevated temperatures, a 
Dewar temperature system (DTS) environmental chamber was incorporated with the 
irradiator. The DTS system is capable of temperature control over the range of -150 to 
150 degrees Celsius. A Tenney environmental oven was used for elevated temperature 
testing of devices post-irradiation. Bias stressing was achieved with the use of a HP- 
6626A 4-channel power supply. The bias stress control, test program, and data collection 
were accomplished via a Keithley semiconductor characterization system consisting of 
the Keithley 4200-SCS parameter analyzer and integrated Keithley 707A switch matrix. 
Experiments of packaged devices involving the DTS or Tenney environmental oven 
utilized an interface printed circuit board and cabling system between the 707A switch 


matrix and the device under test (DUT) board. 


The block diagram of Figure 38 represents the configuration for experiments 
involving radiation followed by NBTI; and, the block diagram of Figure 39 represents the 


configuration used for devices subjected to ionizing radiation during NBTI. 
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Figure 38. Apparatus configuration for TID (left) and NBTI (right). 
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Figure 39. Irradiator with the DTS integrated for TID while NBTI. 
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MATLAB was used extensively in the post-processing of the raw experimental 


data collected by the Keithley system. 


3. Device Preparation 


Devices under test were either packaged in an 18-pin ceramic dual in-line package 
(cerDIP), probed at the wafer level, or die mounted on a substrate for probing. Wafer 
saw, die packaging and mounting took place primarily at the DMEA packaging and 
assembly facility. 


B. DETERMINATION OF THE EXPERIMENTAL CONDITIONS 


This section discusses the establishment of the experimental conditions necessary 
to characterize the NBTI response following, or during, exposure to ionizing radiation. 
Since the reported device responses to 1onizing radiation and NBTI varies greatly in the 
literature due to the differences in material systems and experimental factors such as bias, 
temperature, and annealing, an approach was established to identify those conditions 
during irradiation and post-irradiation anneal that would produce an exacerbated NBTI 


response in devices subjected to post-irradiation and anneal NBTI. 


However, before one can study the effects of ionizing radiation on the NBTI 
response, an understanding of the device pre-irradiation NBTI characteristics is needed. 
In what follows, the experimental conditions for characterizing device NBTI 1s presented, 
followed by the experimental conditions required during irradiation and anneal to identify 


those conditions with the potential of exacerbating the NBTI response. 


The organization of the three experiment groupings for which bias and 
temperature conditions are established in this dissertation toward investigating the effects 


of ionizing radiation on NBTI are shown in Figure 40. 
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NBTI Characterization 


NBTI Characterization 
During Exposure to 
lonizing Radiation 





TID 
Dose-Rate 
Sensitivity 


TID 
Bias 
Sensitivity 


Post-TID Anneal 
Sensitivity 


Post-TID/Anneal 
NBTI Characterization 


Figure 40. Experiment groupings: NBTI; TID-Anneal-NBTI; and, NBTI while TID. 


as 


Experimental Conditions for NBTI Characterization 


For the p-channel MOSFETs of this research, a process model consistent with that 


used in the semiconductor industry [12], [32] for the AV; due to NBTI was provided by 


the foundry and is given by 
T 


where 


z= axe" x{le 


OX 





_ 500 x Z (3.1) 
5004+ Z 
xt" x\Vpo| x (ee eaten 1D (3.2) 
T W,, 


The parameters for Equation (3.2) are given in Table 1. Due to non-disclosure 


considerations, the reported process parameter values have been omitted from the table. 


However, from Equations (3.1) and (3.2), and knowledge of the parameters given in 


Table 1, it is possible to establish the AV; dependence on the applied Eoy, T, and stress 


duration ¢., for a given designed gate width Wp due to NBTI—prior to conducting any 


experiments. 
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Table 1. © NBTI AV; equation parameters 


Tao | Process dependent re-fctor coon | _ 
Tm | Foxedepenient exponen 
Tn [Time-dependent exponent 
[1] Vrendependent exponen 


This was useful in two regards; first to establish a reasonable set of bias and 

















temperature conditions from which to conduct the experiments and secondly to validate 
the experimental results obtained thereby establishing a baseline from which further 


experimentation could take place. 


The minimum set of temperature and voltage combinations needed for 
establishing NBTI dependence on Eoy and 7 for the devices being researched are 


presented in Table 2. 


Table 2. Temperature and voltage parameters for characterizing NBTI. 
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The voltage/temperature combinations were selected with the goal to promote a 
sizable AV; response within a reasonable amount of time without inducing secondary 
degradation effects such as TDDB and HCI. Therefore, Vsrr was selected to keep Eoy 
below the critical E-field of 10 MV/cm. The stress temperatures 757g were selected based 
on the commonly accepted commercial (85 C), industrial (100 C), and military (125 C) 
maximum operating temperatures. Figure 41 demonstrates the AV based on the form of 
the process model equation for three selected voltage and temperature combinations, of 
Table 2. The plots of AV; in Figure 42 demonstrate the dependence of AV; on Tsr7r and 


Vsrr and can be characterized by 


AV, = B( Tyres Vore )t. (3.3) 


AV, = B(125, -2.3)t" 
AV, = B(85, -2.3)t" ---- Best Fit Equations 
AV, = B(125, -1.5)t" 


AV, Shift, mV 


—T=125C, V=-2.3 
—1=85 C, V=-2.3 
——T=125C, V=-1.5 





Time, Seconds 


Figure 41. PMOS NBTI induced AV7 vs. time from Equation 3.1. 
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Figure 42. Plots of AVr vs. T4yg and V srr, respectively. 
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2. Establishment of TID Experimental Parameters 


Two sets of experiments were devised and parameters established to determine 
device NBTI sensitivity to ionizing radiation in which the first set explores the bias and 
anneal sensitivities while the second set explores the potential dose-rate sensitivities of 


NBTI. These are discussed next. 


a. Bias and Anneal Experimental Parameters 


The device response to TID under varying bias and temperature conditions 
during irradiation, anneal, and subsequent BTS varies greatly in the literature due to 
varying device processing techniques, material system composition, and device type. 
Without a basis for the material system under examination, it is important to go through 
the process of identifying and evaluating conditions that have the potential for bringing 
about unacceptable levels of device degradation. The diagram of Figure 43 outlines the 
test flow employed that follows the modified MIL-STD-883 Method 1019.8 and JESD90 


presented previously in Figure 37. The experimental details are provided in Table 3. 


Post-Irradiation NBTI Characterization with and without Anneal 





0.9-V Bias 0.0-V Bias 





Figure 43. Experimental flow from TID to NBTI characterization. 
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Table 3. | Detailed experimental parameters. 


(Volts) |(MV/cm)| (C) | Char? |(Mrad)|(Hrs) | (Rad/sec) |} (Volts) |(MV/cm)| (C) | Char? | (Hrs) || (Volts) }|(MV/cm)]} (C) | (Hrs) 
roo eo [as[ w [ase|as| 72 fies] oe 
Too [eo [ias]_w [asel-aa| 72 [ras] 20 


foo] ee [as] [ace 
foo eo [sas] w [ase 


foo foo [asf n [isla | tase 
foo foo [asf w [aa] a | sme 
foo foo [asf w [raf a] s08 





The irradiation bias, temperature, and anneal conditions were chosen to 
minimize BTI, HCI, and TDDB degradation mechanisms during the irradiation and 
anneal while demonstrating promise for an exacerbation of the NBTI response such as 
those demonstrated by Zhou [20] and Schwank et al. [37]. An example of this 1s 
presented in Figure 44 in which, post-anneal BTS instability was exhibited in devices (n- 


channel MOSFETs) known typically not to be susceptible to such phenomena. 
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Figure 44. Device response to irradiation, anneal, and BTS, from [37]. 


Once experimental conditions favorable to eliciting an exacerbated NBTI 
response are obtained, further experiments can be performed to establish the Egy, 7, and 
n dependence on TID and dose-rate effects as demonstrated in the data given in Figure 


45. 
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Figure 45. TID effects on NBTI response (notional). 


Though others have indicated that BTS instabilities exist as a result of 
ionizing radiation, none have characterized the extent of the effects within the NBTI 
framework. The significance of the experiments carried out in this dissertation, is that it 
sets out to establish to what effect radiation has on the NBTI dependent factors of Eoy, T 


and n. 


b. Dose Rate and Total Ionizing Dose Experimental Parameters 


Device degradation as a result of exposure to ionizing radiation can 
potentially be sensitive to the rate the radiation is delivered. In some instances, a 
particular total dose administered at a dose rate much closer to what the device would see 
in its operating environment could have a greater effect than if the same total dose were 


to be administered at a much higher rate. 


This phenomenon is known as enhanced low dose rate sensitivity, or 
ELDRS, and became an issue for bipolar devices [Oldham NSREC 2011 short course] 
once the semiconductor industry moved from junction to oxide isolation for bipolar 
devices. Typically, CMOS devices subjected to low dose rate fare as well as the same 
devices exposed at higher dose rates after being given a proper anneal [38]; however, 
there may exist a sensitivity to dose rate for NBTI. With a dependence on the outcome of 
the bias and anneal experiments of the previous section, Table 4 gives the details for the 


dose-rate sensitivity experiments. 
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Table 4. | Experimental details for dose-rate sensitivity. 


(Volts) |(MV/cm)| (C) | Char? |(Mrad)|(Hrs)| (Rad/sec) |} (Volts) |(MV/cm)| (C) | Char? | (Hrs) || (Volts) }(MV/cm)]} (C) | (Hrs) 
roo] eo [as] w [ase|aa| 72 fies] oe 
[oo [eo [ras] w [reel 2a[ va_[sas| oe 


feo] ee [as] [ace 
foo eo [sas] w [ase 


foo [ao [as[» [ore] aa 
foo [ao [as[ » [ov [aa] aa 
foo [eo fas[ » [or [aa] aa 





From the dose-rate sensitivity experiments, the dependence of AV; and n 
on post-TID NBTI stresses 1s evaluated as a function of dose rate for a constant TID. 
Once dose-rate sensitivity 1s determined, the experiments can be expanded to investigate 


the dependence of NBTI degradation as a function of TID given a constant dose rate. 


The significance of these experiments 1s that if it can be shown that NBTI 
is significantly exacerbated by ionizing radiation via total-dose and dose-rate effects, a 
mathematical representation can be for the material system under study which describes 
the relationship between NBTI and ionizing radiation. However, more significantly, the 
identification of more fundamental processes as work can potentially be made by an 


evaluation of the data. 


C. Synergistic Effects of NBTI and TID 


Though the effects of temperature and bias during irradiation and anneal 
(and to a lesser extent post-anneal BTS effects) on device degradation has been reported 
in the literature, the combined synergistic effects of NBTI and characterization while 
being subjected to ionizing radiation has not. With the objective of identifying potential 
synergistic effects between ionizing radiation and NBTI resulting in accelerated device 
degradation, Table 5 gives the experimental parameter details for devices subjected to 


irradiation at different dose rates during a 28-hr NBTI experiment. 
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Table 5. | Experimental conditions of NBTI testing while exposure to irradiation. 


Radiation oa Conditions for NBTI during TID Exposure 
f Tge(C) — ane 
(Volts) ale | 35 {| 100 | 125 [1.4 (14rad/sec) | 2.8 (28rad/sec)_ 








The focus of this research and reported results pertain to the 14 rad/s 
regime; while, the 28 rad/s dose rate experiments are the subject on on-going and future 


work. 


C; CONCLUSION 


The material system of the p-channel MOSFET has been introduced along with 
the test methodology and apparatus used to carry out the experiments. Due to a limited 
knowledge of the material system under study, a number of experiments have been 
introduced to investigate the p-channel MOSFET NBTI sensitivity to 1onizing irradiation 
under varying conditions with the novel objective of characterizing the device NBTI 
sensitivity to ionizing radiation. In the chapters that follow the experimental results are 


presented and discussed. 
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IV. NBTI EXPERIMENTAL RESULTS AND ANALYSIS 


In this chapter, the process model is first decomposed into the three NBTI 
dependent parameters of interest: the activation energy Ey; electric-field power-law 
exponent m; and the stress-time power-law exponent n. The NBTI experimental results 
are then reported in the context of the process model establishing a baseline of how the 
devices perform compared to the process model. After which, quantitative analysis is 
presented assessing the relationship between NBTI resultant changes 1n device on-current 
Alon as a function of AV;7. The importance of which becomes clear when evaluating the 
combined ionizing radiation and NBTI effects on the device NBTI performance that is 


presented and discussed in the subsequent chapters. 


A. EVALUATION OF THE PROCESS MODEL 


In this section the process model for PMOS NBTI presented in Chapter III is 
revisited for the purpose of decomposing the model into its three main products for 
separating the NBTI dependent factors £4, m, and n. Doing so provides a framework for 
comparison of the experimentally extracted parametric data to the values of the process 
model. The process model decomposition is presented first and then followed by the 


separation of the parameters. 


1. Process Model Decomposition 


For convenience, the process model introduced in Chapter III 1s reintroduced here 
as 


Wea wh 
500+Z l1+aZ 


an po()} (4.2) 


Because the gate width of the devices under study is sufficiently large, the Wp 








(4.1) 


where Z is given by 








WA = A, let (EA) eee 
T 


OX 


dependent term approaches unity; and, therefore Equation (4.2) can be written as 
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=F 4 


Z= A, were (Ee) 





m 


Pro] +t”. 


Furthermore, Z can be decomposed into 


LAT, Eoest Vio) = Za (1) Ze (Box) Z,(0)° 24 ro) 


such that 
Ey 
Li (T) =a, eke! ; 
Ly (Ey ) — An aes 
Z(t) Sa st 
and 
Z, (a) = ae | ) 





where by Ag represents the product of the pre-factor terms 


Ay = az °a,°a 


m n° 


2: Activation Energy 


(4.3) 


(4.4) 


(4.5) 
(4.6) 


(4.7) 


(4.8) 


(4.9) 


The value of the E, for NBTI can be experimentally determined by plotting the 


natural logarithm of the time-to-failure as a function of //kgT (Arrhenius plot) for devices 


stressed at different temperatures to a given failure criteria; where, kg 1s Boltzmann’s 


constant in eV/°K and Tis the stress temperature in degrees Kelvin. The slope of this line 


determines the activation energy as shown in Figure 46. 
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7.9 


In(teai) = E,/kKeT + C at 


In(teai) 





1/(kgT) 


Figure 46. Plot of time-to-failure versus eV’ used to determine the £4 (notional). 


In order to determine the EF’, using the process model a failure criterion for the 
AV is established. To simplify the analysis, the attenuation factor a in Equation (4.1) 
can be assumed to be very small, such that 1+@Z ~1. Applying the failure criterion and 


simplification, we can write the process model as 


Ea 26, bm ZZ (4.10) 
CRIT Vro 


Vo] 


Since the failure criterion will be met at time fcr (or, alternatively, tp47:) 


Equation (4.10) can be rewritten, yielding 
2,=Wal| sss 
£6| eons SE 
(4.11) 
=O ae. 


Making the proper substitutions for the product terms and solving for ¢’, we obtain 


E4 





7 = Ml Mel | (4.12) 
~ A, V; 0 | CRIT 
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Before moving on, it is noted that with this equation along with a prior knowledge 
of the process model parameters and expected operating stresses (Tsrr and Vsrp), a 
prediction of a given device time-to-failure can be made by taking the n” root of both 


sides of the equation. 


To continue, if it is assumed that the Eoy is fixed while Ts7pr is varied, and also 
assuming for the moment that V7 is temperature invariant, all the terms on the right-hand 
side of Equation (4.12), with the exception of the temperature-dependent term, can be 


considered a constant. Therefore, Equation (4.12) can be rewritten as 





Fy 
pepe (4.13) 
in which 
= 1-1 
; = fol | (4.14) 
0 : : 
Ay Vro | CRIT 


Taking the natural-logarithm of both sides of Equation (4.13), we get 


E 
n-IN(fcar)= 7 + In(B, ) (4.15) 
B 
or, equivalently 
E 
n-In (tog )=—++C). (4.16) 
CRIT k,T 0 


From this equation, and given devices reaching the failure criteria at torr 
corresponding to a 7srr, the activation energy can be empirically determined graphically 


in a manner similar to Figure 46 or from solving the system of equations: 


E 
n-In(teeray ) = i c. (4.17) 
Bvl 
E 
well see co C,. (4.18) 
Bo 2 
This yields 
t _ 
E. =neln{ fer {a= | baie 
lCRIT(2) Ke (Z T,) 


2 


The //kgT versus n‘In(tcr;r) relationship given various stress temperatures and 
voltages for a 10% degradation in V7 1s illustrated in Figure 47. Recall that n 1s 
determined empirically by the slope of the best-fit line by way of the plot of the AV; 


versus stress-time data plotted on a log-log scale. 


Slope of the best-fit line determines the E,: 


n-In(tcpit) 


@ VSTR=-1.5 
X VSTR=-1.9 
A VSTR=-2.3 























1/(k,T), eV 


Figure 47. Plot of m'In(tcayr) versus eV’ at Tsre and Vsrp to determine Ey. 


3. The Electric-Field Power-Law Dependence 


Similarly, the electric-field exponent m can be determined given the same failure 
criteria and resulting time-to-failures. This can be accomplished by holding Ts7r constant 


while varying Vsrr. So doing, assuming all other parameters are Fox invariant, yields 





lonir — By 2 a (4.20) 
where 
Ey 
ele? SV, - AV. 
B, = on. r (4.21) 
V. 
Ay | ro| CRIT 


Therefore, for a given 7s57r and with knowledge of tcrrr versus Vsrr, m can be 


determined experimentally from Equation (4.19) as follows: 
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(4.22) 
l 
=C, +m-nf 
Foy 
As such, 
n-In(toera)) = Cy +m-In Ea (4.23) 
OX 1 
n-In(toer()) = Cy + man (4.24) 
OX 2 
which leads to 
t 
m=n-In (anu -In (Zan) (4.25) 
CRIT (2) Fox? 


Alternatively, from the plot of n-In(tcr7r) versus In(1/Eoy), m is given by the slope 


of the linear fit lines as illustrated in Figure 48, where 7 is the power law exponent for 
time. 


Slope of the best-fit line determines m: 


n-In(tegi7)=M-IN(1/E oy) + b(TstR) 


n-In(tcpit) 


@ TSTR=85 
* TSTR=100 
A TSTR=125 





In(1/Eox) 


Figure 48. Plot of 2-In(tcr;r) versus In(1/Eox) to determine m. 
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4. Stress-Time Power-Law Dependence 


Assuming AV; due to NBTI follows a power law, n can be determined by the best 


fit line of empirical data on a log-log scale, as illustrated in Figure 49. 


AV, = B(125, -2.3)t" 
AV, = B(85, -2.3)t" 
AV, = B(125, -1.5)t" 


---- Best Fit Equations 


——T=125C, V=-2.3 
—1=85C, V=-2.3 
—T]=125C, V=-1.5 


AV, Shift, mV 





Time, Seconds 


Figure 49. Plot of AV; versus stress time (process model). 


As presented previously, and consistent with the plot of Figure 49, the AV; as a 
function of time takes the form of 


AV, =B,-t", (4.26) 


in which Bo is a function of Vsrr and Ts7r. For a given Vsrr and Tsrr Bo 1s a constant. In 
the case of the process model, assuming again that ao = 0, AV ris given by 


AV, = B,:t" (4.27) 
in which 


(4.28) 
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Here too, for a given Vsrr and Ts7r, Bo is a constant; as such, n can be written as a 


function in terms of elapsed stress time and the associated AV’r to produce 


iit ia (4.29) 
A) kt 


Until this point it has been assumed for simplicity sake that the @ term in 
Equation (4.1) equals zero; however, it is a non-zero, curve-fitting, parameter used to 
attenuate the growth of the AV7. In the case of this process model, q@ results in a 2% 
attenuation per 10 mV of change in threshold voltage. This attenuation also results in a 
distortion of the time exponent, decreasing the value of n as the stress time progresses. 
Furthermore, it was assumed that the V7» term is temperature invariant; in actuality it is 
not and can vary as much as -1 mV/K. The process model does not take this into 
account. Therefore, future reference to the initial threshold voltage value dependence on 
AV will only be reintroduced where warranted by the analysis of experimental data and 


resulting discussion. 


5. Conclusion 


In this section, the determination of the E,4, m, and n parameters associated with 
AV; due to NBTI was presented mathematically and illustrated graphically given the 
process model. In the section to follow, NBTI experimental data are presented in the 
context of the process model for the purpose of establishing a valid baseline for the 
subsequent analysis of the effects of irradiation on the NBTI characteristic parameters of 


the E4, m, and n. 


B. EXPERIMENTAL PARAMETERS AND CONDITIONS 


P-channel MOSFET devices with gate widths of 40 um and 260 um and gate 
length of 0.12 um underwent NBTI according to the experiment parameters given in 
Table 6 and the experiment stress and measurement cycles along with bias detail given in 


Table 7. 
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Table 6. NBTI experimental parameters applied to PMOS devices under test. 





Table 7. | Experiment stress and measurement cycles with device bias detail. 
Parameter Description 


Experiment Duration 


a 
ssn | nt Swess nent [of 8 
tra | Measure Interval | 150 | os 


[va | Ga Bias | Vom | Vv 
Tvs | Sowee is | o| v_ 
[ve | Danas | o| v_ 
ve | Ban-wen is | 0 | Vv _ 
va | substateBis | 0 | v_ 





The stress-measure-stress cycle management, control of the stress and measure 
bias, /-V sweeps, and raw data collection was performed by an automated test program on 


the Keithley 4200-SCS platform. The test program flow is presented in Figure 50. 
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T str Test Program 
Initial Device 
Characterization 
600s Stress 
Cycle at VotR 


Post Stress 
Characterization 


3000s Stress 
Cycle at VotR 


Post Stress 
Characterization 


3600s Stress 
Cycle at VotR 


Post Stress 


Characterization 


Yes 
End 


Figure 50. Keithley test program flow for NBTI characterization. 






In general, experiments began with an initial device characterization at the 
specified stress temperature, and then proceeded with a series of stress-measure-stress 
cycles for the duration of the experiment. During each measurement cycle, the gate stress 
was removed and the test program executed [p-Vp, and Ip-Vg sweeps in the linear and 
saturation regions of operation collecting data for evaluation of, and changes in, the V7, 
Ton, Zm, and Mey (OF, 4 In the case of the PMOS transistor) parameters. The bulk of the 


data post-processing was performed in MATLAB. Figure 51 illustrates the applied 
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voltage sequence to the gate during the measurement cycles; the importance of which, in 
the context of the NBTI recoverable component, will be shown later during the 


discussion of the NBTI results and analysis. 


[Vel 
’ <—— str —> | <__ TMEA —_—_———_> |< UstR ——P 
STR 
(600~3600 s) (150 s) 
| Ip-Vp | | Ip-VG | 
| Ip-VG for Vr | 





Figure 51. Applied gate voltage during measurement sequence. 


With four devices per packaged part being experimented on simultaneously, each 
device in turn was sequentially removed from stress periodically for characterization 
while leaving the other devices in stress mode as graphically illustrated in Figure 52. 
This was carried out by the Keithley’s four available source measurement units (SMUs) 


and integrated Keithley 707A switch matrix. 


TD-1 
TD-2 
TD-3 


600 
<— 3000 s ————> | |<——————__ 3600 s ———————__> | TD-4 


Figure 52. Graphical illustration of sequential stress-measure-stress cycles. 
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C. NBTI EXPERIMENTAL RESULTS AND ANALYSIS 


Experimental data was collected over the various stress conditions and changes in 
Vr as a function of stress time was captured for characterizing the n, E4, and m 
parameters using regression analysis. The results of which, beginning with the power- 
law exponent for time, followed by the activation energy, and concluding with the power- 
law exponent for the electric field are presented. After which, for comparative purposes, 


the experimental results for the Joy are presented. 


1. Experimental Results for AV; 


In the section to follow, the experimental results obtained from AV7 as a function 


of T'srr and Vsrr are presented in terms of n, E'4 and m. 


a. Time-Dependent Power-Law Exponent, n 


The plots of Figure 53 and Figure 54 present n as a function of Vsrr (Eox) 
and 7’srr, respectively. Both plots give n as approximately 0.255 for the experimental 
data, which was consistent with the process model. The difference between the 
experimental data versus the process model can be attributed to likely differences in the 
measurement techniques used in characterizing the devices, test article preparation, and 
the test equipment used. As was expected, 1 was shown to be a relatively constant value 
demonstrating it is independent of both stress temperature and voltage. For the data in 
Figure 53, dispersion was noted at the low V5zg point and is attributed to a relatively 
small AV; compared to experiments conducted at higher stresses. Furthermore, the value 
of n obtained experimentally is consistent with that which has been reported in the 
literature. More importantly, the objective of establishing a baseline from which in situ 


irradiation and post-TID NBTI results can be compared was achieved. 
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Figure 53. Power-law exponent for time 7 versus V rp. 
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Figure 54. Power-law exponent for time 7 versus T57p. 
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b. Temperature-Dependent Activation Energy E, 


The temperature-dependent activation energy is given by the slope of the 
linear regression line presented in Figure 55 where n is the exponent for time. From the 
experimental data LE, = 0.35. Again, differences between the experimental data and the 
process model can be attributed to differences in the measurement techniques used in 


characterizing the devices, test article preparation, and the test equipment used. 


4.0 
y =0.35x- 7.71 
3.5 O- 
< 
30 
f= 
c 


NO 
un 
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Figure 55. Extraction of the thermal activation energy Ey. 


C. Electric Field-Dependent Power-Law Exponent, m 


The power-law exponent m is given by the slope of the best-fit line in the 
plot of Figure 56. For the experimental data, m = 5.0 and was consistent with the process 
model considering the potential differences measurement technique and other factors as 


described previously. 
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Figure 56. Extraction of the power-law exponent m for Eox. 


d. Summary 


From the regression analysis of the experimental data collected on the 
AV, the n, E4, and m parameters were extracted establishing a baseline from which a 
comparative analysis can be performed on irradiated devices undergoing the same NBTI 


experiments. 


2. Experimental Results for Aloy 


The transistor drive-current Joy defined as the /ps measured under the 
condition for which Vos = Vps = Vpp while Vg = Vs = 0 V, was characterized in a similar 
manner to AV7 for assessing the NBTI related degradation of Joy, Aloy. Again, the 
temperature, field, and power-law dependent parameters n, E4 and m, respectively were 


extracted from the raw experimental data via MATLAB. 


a. Power-Law Exponent n for Time-Dependent Degradation 


The plots of Figure 57 and Figure 58 give the power-law exponent for the 
time-dependent degradation of Joy as related to Vsrr and Tsrr, respectively. Here too, n 


appears to be independent of Vsrr and Tsrpr given the relatively flat (zero slope) response. 
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Figure 57. Power-law exponent 7 vs. Vsrr for Alon. 
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Figure 58. Power-law exponent 7 vs. T'srr for Alo. 


b. Temperature-Dependent Activation Energy, E, 


As was the case for the activation energy associated with AV; as a 
function of Ts7r, the activation energy associated with Al/oy as a function of 7srp 1s 


illustrated by the slope of the line given in the plot of Figure 59. 
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Figure 59. Thermal activation energy Ey, via the slope of n‘/n(tr4zz) vs. 1/kpT for Aloy. 


C. Electric-Field Dependent Power-Law Exponent, m 


The power-law exponent for A/oy 1s given by the slope of the best-fit line 


of Figure 60. 
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Figure 60. Electric-field Egy dependence of A/oy to NBTI. 
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3. Summary of Results 


The n, E'4 and m parameters extracted from the experimental data for AV; and 


Alon due to NBTI are summarized in Table 8. 


Table 8. | Summary of NBTI degradation parameters for AV7 and AJovy. 


mele Lela 
AV 0.35 


There is relatively close agreement between the parameters for AV7 and Aloy 





which is to be expected due to the relationship between Jps and V7 given by 


I Ww 
uC, — (Yes -V,)'. (4.30) 


I 


DS ~ 5 


In the section to follow, the interdependence between AV 7 and AJoy is discussed. 


D. QUANTITATIVE ANALYSIS OF AV7 AND Alon 


This section deals with the relationship between the stress-induced changes to Vr 
and Joy as a function of stress time. The discussion begins with the measurement 
methods used and their validity in obtaining Joy and Vr. This is then followed by a 
presentation of the experimental data that demonstrates the dependency of A/oy on AVz. 
This section, with the use of the ideal MOSFET equation for /ps in the saturation region 
of operation, then concludes with a mathematical representation of the Aloy-AV7r 


relationship; the result of which supports the experimental findings presented. 


1. Measurement Methods of Obtaining V7 and [on 


As presented in the previous section, stress-induced changes in V7 and Joy were 
captured as a function of stress time. From these data, the time-, electric field-, and 
temperature-dependent parameters were extracted and summarized. To recall, Joy was 
defined as the drain current measured given the condition Vgs = Vps = Vpp while Vg = Vs 


= 0 V. Under these conditions, the Joy data were extracted from the I[ps-Vps sweeps 
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recorded during the measurement periods of the stress-measure-stress cycles of the NBTI 


experiments carried out under the various temperature and stress voltage conditions. 


In extracting V7, a constant drain current method (or simply, constant-current 
method) was employed in which, with the transistor biased in the forward-active region 
(Vos >> Ves — Vr), a voltage was applied to the gate terminal and incremented until a 
desired drain current Jp.cc was achieved. Under this method, the threshold voltage is 
then defined as the applied gate voltage needed to achieve Jp.cc. The constant-current 
method is a valid approach for extracting Vr provided that the stress-induced changes in 
Vr which necessitate a change in Vg to maintain /p.cc are only a result of changes to the 
Vr and not as a result of changes in the channel mobility parameter, u,. The tell-tale 
signature of whether a change in /ps is a function of AV; or Au, is demonstrated 


graphically in the [ps-Vg plots of Figure 61. 


—©—-|DS t=0 
-f-—|IDSt>>0 


-©—|DS t=0 
-#=—-|IDSt>>0 
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(a) (b) 
Figure 61. Jps-Vg plot demonstrating the effects of (a) AVr and (b) Ay, on Ips. 


A pure horizontal translation in [ps vs. Vg 1s indicative of a change in Jps due to 
AVr as shown in Figure 61(a); whereas, (b) demonstrates, in addition to a possible 


horizontal translation, a change in the slope of the /ps-Vg curve indicating a change in the 
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Hp. This graphical representation of horizontal translation and change of slope is also 
evident in the ideal equation for /ps given by 
l W 2 
Lys si Ho = Ves -V,) , (4.31) 
in which the yw, affects the steepness of the curve in the region where Vgs > Vr and the Vr 
affects the horizontal position. The analysis of the /ps-Vg data for devices subjected to 
NBTI was characteristic of Figure 61(a); therefore, it was assumed that Ay, effects were 


minimal compared to the effect of AV; on Jps and thereby demonstrating the constant- 


current method valid for determining stress-induced AV. 


Ze Comparison of Aloy vs. AVr 


Devices were subjected to the NBTI stress-measure-stress routine with the 
voltage-temperature combinations given in Table 9. The V7 and Joy were logged versus 


stress time. 


Table 9. | Experimental stress combinations for NBTI characterization. 





For each stress condition a separate characteristic equation was derived from the 
experimental data. After which, the per cent degradation of Vr and Joy could be 
expressed as a function of stress time. For the experiments performed, the per cent 
degradation of V7 and Joy was established at a stress time of 80 x 10° seconds. The 


results of which are given in Figure 62. 
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Figure 62. Plot of %|AJoy| vs. %AVr. 


The dependence of A/gy on AV was established through regression analysis of 
the data which exhibits a linear relationship. As a result, the ideal form of the Ips 
equation 1n the saturation region of operation can be shown to a first-order approximation 
to express the relationship between changes in Joy and Vr mathematically. The 


derivation of this relationship follows. 


Starting with Equation (4.31) evaluated at Vgs = Vps = Vpp, we obtained 


Bp 
Pret ea (4.32) 
where 
1 W 
Ks = 5 HeCox F > andl< f/f <2. (4.33) 


In the long-channel form of Equation (4.32), £ approaches two. As short channel 
effects typical of deep submicron devices begin to manifest, 6 tends toward unity. 
Continuing on, it is desired to evaluate the change in Joy with respect to change in the Vr 
and express A/oy in terms of AV7. therefore the fractional change in Al/oy can be 


expressed as 
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Al Alu -V;5)' -(Vp —(Vro+ Vy) 
; gna ~ VV , (4.34) 


Again, assuming that the primary contribution to A/oy is AVr with Au, being 


negligible, we can rewrite Equation (4.34) as 


NT ie (V, Vg)? —(Vop —(Vra + AVY 


ON -0 (V5 7 Ving " 


9 


(Vy — (Vg + AV; 


— a a rns | 


B 
es —Vo) 
=| Ya Ne ] (4.35) 
Vo —Viro 


_ {i 7S ] 
Voop = Vro 


Since the AV; term is small compared to the Vpp — V7 term, the ratio of the two 


terms 1s small; therefore, using the binomial expansion 


Ce a)’ ~1+ Ba, fora «1, (4.36) 


we can rewrite Equation (4.35) as, 


Me 1-[1-p A) 


!on-0 Vip —Vro 
(4.37) 
eee a 
(Fo 1) Veo 
Vir 


Substituting reasonable values for Vz, 6, and Vpp of 0.3 V, 1.6, and 1.2 V, 


respectively, we get 
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Alow 9.533212. (4.38) 


ON-0 T0 
This result 1s in relatively close agreement to the plot of the best fit line of the 
experimental data presented in Figure 62. Having established the fractional change in Joy 


was linearly proportional to the fractional change in V7 leads to the expression 





Al fy 
; ow FP Ay NV ct Vora Nt r (4.39) 
ON-0O (Fo 1 

Ving 


This result suggests that changes in Joy, at least for the technology under 
evaluation, should follow the same power law and stress dependencies as V7. As 
previously revealed there was a small difference in the experimental means for ny; and 
njon. In exponential terms the difference is small yet quantifiable. One possible 
explanation for the difference could involve the fact there was a significant time lag (~60 
seconds) between the measurements of Joy and V7. This would allow more recovery to 


take place resulting in a skewing of AV7, the result being a slightly higher value for n. 


3. Summary 


Examination of the experimental data established the dependence of A/oy on AV. 
This dependence was substantiated in mathematical terms using the ideal MOSFET 
equation for /ps yielding the relationship 


at (4.40) 








This result demonstrated that the observed changes in Joy were due primarily to 


changes in V7 and served to substantiate the constant-current method for extracting Vr. 
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E. CONCLUSION 


In this chapter on the NBTI experimental results and analysis, the process model 
for NBTI was re-introduced, decomposed, and separated out into the NBTI parameters of 
interest (n, E44 and m) both graphically and analytically. This progression established a 
framework from which to process and compare the experimental results. After an 
introduction to the NBTI experimental parameters and conditions, including the timing 


sequence of the measurement cycles, the discussion moved to the experimental results. 


Though the NBTI parameters extracted from the experimental data differed 
somewhat from those of the process model, they were none-the-less deterministic and 
quantifiable. More importantly, the experimental results established a baseline whereby a 
comparative analysis could be performed between A/oy and AV;. That analysis 
demonstrated, both graphically and quantitatively, the relationship between A/oy and AVr 
(or, more specifically, the dependence of A/Joy on AV7). The resulting framework and 
experimental baseline established in this chapter to analyze NBTI in PMOS devices can 
now be extended to evaluate the effects of 1onizing radiation on the NBTI characteristics 


in these devices—the subject of the following chapter. 
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Vv. COMBINED EFFECTS RESULTS AND ANALYSIS 


In this chapter, the results from the combined effects experiments are presented 
and compared to the results of the NBTI characterization presented in the previous 
chapter. The results for devices subjected to irradiation prior to NBTI will be presented 
first, followed by the results for devices subjected to irradiation while undergoing NBTI. 
It will be demonstrated that ionizing radiation alters the PMOS device response to NBTI 
thus altering the NBTI characteristics. These manifested most notably as the fractional 
change in the A/oy versus AV7 relationship suggesting an increased involvement of 
interface states as a result of the irradiation. Furthermore, at operationally relevant NBTI 
stress conditions, NBTI was enhanced; whereas, under the highest-stress conditions a 
decrease in NBTI was observed. The chapter concludes with an empirical model 


accounting for the irradiation induced changes. 


A. RADIATION FOLLOWED BY NBTI 


In this section on post-TID NBTI characterization, the experiment and 
experimental results of devices subjected to 0.7 Mrad(SiOz2) 1onizing radiation, anneal, 
and NBTI stresses, are discussed. Though the experiments were designed to establish 
device NBII sensitivities to dose-rate and anneal conditions, no such sensitivity was 
apparent. Post-irradiation NBTI characterization and analysis revealed that the overall 
NBTI response was attenuated at the highest stress condition for Vsrr and Tsrr compared 
to their NBTI-only counterparts. The significance of that result 1s that 1t was repeated in 
the devices subjected to irradiation during NBTI. The fact that similar outcomes were 
achieved at the high-stress condition suggests that the NBTI attenuation was not 
dependent on whether or not the devices were subjected to NBTI and irradiation 


concurrently. 


1. Experimental Setup 


PMOS devices were selected from the same wafer as the devices selected for the 
NBTI-only experiments and were packaged in a similar manner. In order to investigate 


the NBTI sensitivity to irradiation and anneal, the devices were subjected to zero-bias, 
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room-temperature, irradiation to 0.7 Mrad(SiO2) at either 8.1 or 97.2 rad/s followed by 
either direct NBTI or a 168-hr anneal at 25 or 125 C prior to NBTI as outlined in the flow 
diagram of Figure 63. 


Ionizing Radiation 
Dose-Rate Sensitivity 


Post-TID 


Anneal Sensitivity 


Post-TID/Anneal 
NBTI Characterization 





Figure 63. Post-TID NBTI characterization flow. 


For the purpose of tracking irradiation and anneal dependent changes in the 
device characteristics, the devices were characterized before and after irradiation and 


post-anneal prior to the NBTI for NBTI characterization. 


op Experimental Results and Analysis 


Since these devices were limited to a single NBTI stress point (-2.3 V, 125 C) a 
complete characterization to establish the temperature and electric field dependent 
parameters was not performed nor was a complete comparison made to the NBTI-only 
experiments. However, a comparison to devices receiving similar stresses was made. As 
mentioned previously, irradiated devices subjected to the high-stress condition (-2.3 V, 
125 C) consistently demonstrated an attenuated NBTI response to NBTI stress. Also 
observed was an increase in the ratio of fractional A/Joy to AV; suggesting an increase in 
interface trap density. Furthermore, it was observed that though there was increased 
variability, or dispersion, in the njon and nyt time exponents, the average values of non 
and nyr remained unchanged compared to the NBTI-only devices suggesting ionizing 
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radiation prior to NBTI does not have an effect on the time dependent processes 
responsible for the NBTI. There was no correlation observed between the AV7 and the 
method of anneal or dose rate. Bias sensitivities were not investigated. A detailed 
comparative analysis of devices irradiated prior to NBTI 1s included in the following 


section on concurrent radiation and NBTI. 


B. CONCURRENT RADIATION AND NBTI 


To date, the combined effects of ionizing radiation and NBTI on PMOS devices 
have not been reported in the literature. In this section, the results of the combined 
effects experiments are presented demonstrating ionizing radiation do have an effect on 
PMOS NBTI. It 1s shown, through the results and analysis of the fractional change of 
Alon versus AV 7 data, that for operationally relevant conditions for Ts57r and Vsrr, NBTI 
was enhanced in the presence of 1onizing radiation; whereas, under high Vs7r NBTI was 
attenuated. In the discussion that follows, the experimental results and analysis are 


presented. 


1. Experimental Setup 


P-MOSFET devices packaged identically to those of the NBTI-only experiments 
were subjected to 14 rad/s ionizing radiation. Data was collected using the same Keithley 
4200-SCS test and data acquisition program utilized in the NBTI-only experiments and 
the data analysis was performed in the same manner for a direct comparison of the 


results. 


zi Experimental Results for AV; 


The results of the combined effects experiments, as compared to the NBTI-only 
results, are presented. Values for n, E4 and m were extracted. Potential changes in these 
NBTI parameters were observed. The differences between the NBTI-only versus the 
NBTI in the presence of gamma-ray irradiation NBTI+y were not significant enough to 
make conclusive judgments about changes to n, E4, and m. The experimental results 


follow. 
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a. Time-Dependent Power-Law Exponent, n 


The time exponent n for the results of the NBTI and NBTI+y experiments 
is given in Figure 64. The left side plot of the Figure 64 gives n as a function of Tsrp 


whereas the plot on the right represents n as a function of Vsrp. 
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Figure 64. Plot of m versus Tsrpr (left) and Vsrp (right) for AV. 


For NBTI in general, it has been well established that n is independent of Tsrp or 
Vsrr. This independence was reflected in the process model and, with minor deviation, 
the actual NBTI-only results as well. The value of n = 0.255 for AV 1s consistent with 
what has been reported in the literature for the SMS method of NBTI characterization 
where the delay between the removal of the stress and measurement allows for the 


recovery of the recoverable component of NBTI. 


For NBTI characterization methods where the stress-to-measure delay 1s 
minimized to minimize the recoverable component of NBTI, such as the OTF or an ultra- 
fast OTF method, the value of n approaches 1/6. With the introduction of ionizing 
irradiation to the NBTI stress it was also observed that for AV7 versus 7's7r n was slightly 


reduced compared to the NBTI-only results. 


According to the R-D theory presented in Chapter II, 1 is related to the rate 
hydrogen dissociates from and diffuses away from the S1-SiO> interface into the gate 


oxide. For the switched-trap model, also presented in Chapter II, n is the rate hydrogen 
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dissociates from the S1-SiO> interface as result of a channel hole tunneling into the oxide 
and becoming trapped at an oxygen vacancy or E’-center. This hole-trapping event 
results in the structural relaxation of the weak S1-S1 bond leaving an unpaired electron on 
one of the Si atoms. This in turn leads to a thermodynamic unstable condition whereby 
the hydrogen used to passivate the Si dangling bonds at the Si-SiO2 interface can 
dissociate from the interface in favor of bonding with the nearby unpaired electron of the 
E'-center thereby creating an interface state at the interface from which the hydrogen 


originated. 


During irradiation, electron-hole pairs are created. In the presence of an electric 
field these charges are separated where holes drift toward the gate-terminal and electrons 
drift toward the channel where they can recombine with channel holes. The switch-trap 
models given by Grasser and Lelis allow for a process in which the positive E’-center trap 
can undergo hole-emission (electron capture) creating a charge neutral defect referred to 
as a neutral electron trap, or NET. This would have the effect of reducing the ratio of 
hole traps in the oxide to interface traps at the interface, thereby altering the processes 


responsible for NBTI. 


b. Temperature-Dependent Activation Energy, E, 


The experimental results of the NBTI related activation energy is 
presented in Figure 65. The data points represent the projected TTFs as a function of 


1/Tsrr for a constant Vsrpr, and therefore, the slopes of the linear-fit lines represent the Ey. 
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Figure 65. Determining the thermal activation energy Ey for AV. 


Due to sensitivity inherent in the calculation of the TTF projections and 


the dependence of the extracted value on n 


£, =n-In{ ure (A=. 6.1) 

loRIT(2) kK, 2 T,) 
the experimental data suggests that ionizing radiation did not have an influence on the Ey. 
Therefore, the experimentally determined value for £4, can be considered comparable to 
the process model; however, the TTFs for the NBTI-only and NBTI+y were 


demonstrably better than the process model (not shown) revealing the statistical worse- 


case nature of the process model with regard device lifetimes. 


The addition of ionizing radiation to the NBTI does not appear to have a 
significant effect on F'4 indicating no additional sensitivity of AV; to Tsrr as a result of 
ionizing radiation. This finding was consistent with that of the time exponent for 


constant Vs7p. 


c. Electric Field-Dependent Power-Law Exponent, m 
The slopes of the best-fit lines given in the plots of Figure 66 represent the 
power-law exponent m for field dependence. For AV7, no significant change in the 
electric field-dependence was observed between the NBTI-only and NBTI+y results. 
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Figure 66. Determining m for AV7 as a function of Vsrpr (Eox). 


Like Ey, m too is dependent on the extracted value of n and the 


extrapolated TTF as demonstrated in the equation for m given by 
t E 
m=n-In| in| Zn | (5.2) 
lcRIT(2) Fox? 


The non-linear nature of the NBTI+y data suggests a potential dependence 


of AV; on Vsrr not seen in NBTI-Only data. 


d. Summary 


In summary, changes in the NBTI parameters were observed. The 
differences between the NBTI-only versus NBTI+y were not significant enough to make 
conclusive assessments regarding the observed changes to n, EF, and m resulting from 
ionizing radiation. However, ionizing radiation may have introduced a change in m for 
the dependence of AV; on Vszr. In the next section, a trend develops that demonstrates 


the overall dependence of AV7 on Vsrr versus NBTI-only and NBTI+y. 


3: Experimental Results and Analysis for AV; versus Alon 


Preceded by a discussion on the relevance of the Joy parameter to circuit design 


and NBTI analysis, the presentation and analysis of the fractional AV; versus Aloy results 
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follows revealing somewhat surprising results in the AV; versus A/oy relationship as a 


result of ionizing radiation. 


a. Importance of Ion 


As previously discussed, NBTI has an unfavorable effect on the V7, Ips, 
Mp, and gm parameters of the p-channel MOSFET. The /ow parameter, defined as the 
transistor drive strength for the condition in which /ps is evaluated at Vgs = Vps = Vpp, 1s 
a significant parameter to design engineers as it is a measure of the ability of the 
transistor to drive a load. A degradation in Joy results in a slower transistor which can 
have an effect on circuit speed and performance. In terms of observing NBTI 
degradation, the /oy parameter is useful as it can be expressed in terms of the V7 and 4, 


parameters that can be directly affected by NBTI [9]. 


b. Presentation of the Data 


In this section, a clearer picture emerges toward determining what effect, 
if any, ionizing radiation has on the NBTI. Figure 67 presents the per cent change in 
AVr versus Aloy for both the NBTI-only and the NBTI+y experiments interpolated to a 


stress time of 80 x 10° seconds. 
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Figure 67. Plot of %AV7 versus %|A/on|, NBTI-only versus NBTI+y, constant Vsrp. 
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As illustrated by the best-fit lines, a strong linear dependence was 
demonstrated between the %AV7 versus %AJoy data. Furthermore, as a result of the 
ionizing radiation, the linear-fit line associated with the NBTI+y data demonstrated a 


translation yet remained nearly parallel to the NBTI-only linear-fit line. 


The plot of Figure 68 illustrates the effects of ionizing radiation on the 


relationship between %AV7 and “%AJoy for the case where Vs57r was varied. 
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Figure 68. Plot of %AV7 versus %|Alon|, NBTI-only versus NBTI+y, constant Tsrp. 


The best-fit lines to the experimental data demonstrated a slight increase 
in slope due to the irradiation suggesting field dependence of the irradiation effects on the 
NBTI responses. Furthermore, like the data of Figure 67, a translation was observed. The 
NBTI+y data of Figure 68 suggest that for the high-Vs7r data point irradiation in the 
presence of the high electric field had the effect of suppressing AV7 by approximately 4% 
(on a scale of 20%) compared to the NBTI-only counterpart. The two lower V57r points 
saw both a slight increase in %AV7 and %AJIoy. In other words, irradiation at lower 
electric fields increased the %AV7; whereas, irradiation under high-fields suppressed the 


YAV r. 
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Recalling the discussion regarding the relationship between Aloy and AV r 
given in Chapter IV, we established (assuming that the change in A/oy was primarily 


attributed to AV; and the contribution due to Aw, was negligible) that 


Al 


ON 


BB AV, 
Fo = ) Vio 
Viro 


However, if the contribution of Az, to A/oy 1s not negligible as a result of ionizing 








(5.3) 








radiation or other degradation mechanism, then Equation (5.3) can be adapted to include 


the term associated with Ay, resulting in 
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where the 4.9 term is the pre-stress effective channel mobility. It 1s well known that the 


change in the ys, due to interface traps can be approximated by 
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where the low-field mobility is given by 4%. In addition to 4, being sensitive to changes 
in the Vr [8] degradation in 4 can be directly attributed to an increase in radiation 


induced interface traps Nir [36], [39]. 


Cc: Alon versus AV; Dispersion Analysis 


The experimental results of the NBTI+y devices, as compared to the 

NBTI-only, exhibited a decrease in AV7 at Vsrr = —2.3 V and Tsrr greater than 85 C; 

while A/oy remained relatively unchanged from their NBTI-only counterparts. This 

observed dispersion in the data was an unexpected and surprising result of the addition of 

the ionizing radiation. However, based on Equations (5.4) through (5.5), and recalling 
that, 

AV, = AV,_o7 + AV7_7; (5.6) 
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one could envision the scenario, as supported by the experimental data, where interface 
trap generation remained unchanged, or increased, while oxide hole trapping decreased as 
a result of ionizing radiation; in turn, resulting in the observed dispersion. The physical 


mechanisms suspect in the radiation induced dispersion follows. 


d. Possible Physical Mechanisms behind %Alon versus % AV ry 


With little or no modification to the switched trap models presented by 
Lelis for radiation and Goes for NBTI the observations of the NBTI+y experimental data 
can be explained. Figure 69 illustrate the four switched trap configurations of the E’- 


center with P,-center of the switched trap model. 


E’ Center E’ Center E’ Center 
(Precursor) (Hole Capture) (Hole Capture) 


P, Center 
(Interface State) 


Neutral Electron Trap 
(NET) 


Si@ 0@ He 


P, Center 


\ 





E’ Center 
(Neutral Defect) 


— * a 


Figure 69. The E’-center precursor, hole capture, hole capture with interface state, and 
neutral electron trap, after [28], [30]. 





The E’-center precursor can be activated by ionizing radiation or NBTI. In the 
activated state the E’-center can exist as either a positively charged hole trap center or a 
neutral electron trap (NET) center. It is assumed that whether created by ionizing 
radiation or NBTI, under the two-step process where hole trapping precedes interface 


state creation in a tightly coupled process, both assist in the facilitation of interface states. 
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However, based on the experimental data, it could be argued that the radiation induced 


E'-center can act as a NET under high field conditions. 


Whether the NET is a stable configuration or one prone to full recovery into the 
precursor state or transition back to the hole capture state depends on the location of the 
E'-center complex. If it 1s near the interface, once the center undergoes structural 
relaxation, hole capture and subsequent electron capture, the localized stress at the Si- 
S10, interface can result in greater separation of the S1-Si1 atoms, which in turn create a 
more stable defect. However, if the NET is 1n a region of relatively lower stress, then the 
electrostatic force between the two Si atoms tends to reform the Si-Si bond and full 


recovery can take place [28]. 


If in fact the NET 1s acting as a stable neutral E’-center due to irradiation, then the 
tunneling electron that forms the NET can be viewed as neutralizing a fixed charge near 
the interface. There is basis for this proposition. Mayberry et al. performed NBTI 
experiments on PMOS devices with nitrided SiO, dielectrics and identified three 
contributing charge terms. In addition to the charge due to interface states and the 
recoverable hole-trapping components, they identified a pseudo-permanent component 
“Whose origin remains to be identified” that could be removed (neutralized) by applying 
a positive bias across the oxide after stressing [40]. This would have the effect of 
reducing the AV; due to oxide traps while not affecting the interface states; thereby 
demonstrating the potential for a decrease in AV7 while A/oy can remain constant due to 


mobility degradation as a result of N7r. 


Where Mayberry achieved the neutralization by applying a positive bias to the 
gate with respect to the source/drain/bulk terminals, the work performed in this 
dissertation neutralized the irradiation induced positive oxide-charge defect by electron 
tunneling from the gate terminal through the oxide at high Vszr (Eox). In work performed 
by Nishida and Thompson [41], “as-fabricated traps” in S102 oxides could be filled with 
a substrate-injection of electrons. A key element of their research was that the AV7 (or 
AVg.or) was that the amount of electron trapping was dependent on the injection fluence 


and the electric field across the oxide as demonstrated in the data presented in Figure 70. 
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Figure 70. Gate voltage shift vs. injected electron fluence for 8.6 nm oxide, from [41]. 


As demonstrated in the data presented in Figure 71, for a fixed electron fluence of 
6 x 10'’/cm? the dependence of the trapped oxide charge is given as a function of electric 


field. 
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Figure 71. Steady-state AVG_o7 vs. Eox for an electron fluence of 6 x 10'"/cm’, from [41]. 


For the devices researched under this dissertation, the electron fluence given by 
Nishida and Thompson would equate to about 5 nA of gate current. Given the elevated 
temperature and high electric field (100 C and 7 MV/cm) seen by these devices at the 


higher stress conditions a tunneling current of 5 nA 1s reasonable. The reduction of AV 
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by ~4% (10 mV) demonstrated in Figure 70 comparing NBTI-only to NBTI+y equates to 
the a reduction in the total number of oxide traps on the order of ~1 x 10° or a neutralized 


trap density of Nor~ 1 x 10’/cm’. 


The significance of these findings 1s that as a result of 1onizing radiation oxide 
traps can be neutralized while the interface state generation is not affected 
correspondingly and hence the change of slope and offset in the %AJ/oyn versus %AVr 


curves given previously in Figures 67 and 68. 


However, more compelling evidence for electron trapping came from work 
performed by Busani, Devine, and Hughes in which it was demonstrated that Fowler- 
Nordheim (FN) tunneling during NBTI characterization at high Vs7pr had the effect of 
reducing AV by trapping electrons in the oxide while not reducing the channel mobility 
degradation [42]. In their work, PMOS transistors with nitrided SiO, dielectrics were 
subjected to NBTI stresses of room temperature 7's7r and —2.4 V Vogrr. The Tsrr was 
chosen to minimize the NBTI effect which allowed for the characterization of the —AV 
due to trapped electrons in the oxide as a result of FN tunneling. They then performed 
the same NBTI experiment but with Ts7z set to 150 C. The data from both experiments 
are presented in the plots of Figure 72. 
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Figure 72. AV; induced by NBTI at 150 C (m) and by FN electron tunneling at room 
temperature (A), from [42]. 
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They concluded that, at high Vszr and Tsrr of 150 C, electron trapping in the 


oxide due to FN tunneling was compensating for the AV; due to NBTI. 


The significance of their research resides in the fact that the NBTI induced AV; 
TTF calculations from devices stressed in the FN regime will underestimate the AV; 
extrapolated to a lower operating Vsrr. This underestimation of AV7 has the effect of 
overestimating the device lifetime. Busani et al. realized this and estimated that, for the 
devices in their study, lifetimes could be overestimated by a factor of two. The data 
presented in Figure 73 illustrates the AV; from the combined mechanisms of NBTI and 


FN tunneling versus AV7 from NBTI with the FN component removed. 







NBII corrected for FN 


NBTI with FN 
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Figure 73. NBTI AV; with FN (A) and with FN component removed (m), after [42]. 


With respect to the research performed 1n this dissertation, their findings suggests 
that by irradiating the devices the threshold needed for FN tunneling (which 1s a function 


of electric field across the oxide provided by Vs57r) can be lowered. This lowering is due 
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to the ionizing radiation creating trap centers in the oxide near the gate-poly conduction 
band, which, in turn, leads to trap assisted FN tunneling of electrons into the oxide and a 
subsequent neutralization of NBTI induced hole traps. It 1s this neutralization process, as 


demonstrated in the band diagrams of Figure 74, that reduces AV. 


NBTI-Only NBTI+y 


__ Radiation induced trap 
center 


® NBTI induced hole trap 
center 


NBTI hole trap center 
® neutralized by FN 
tunneling 





Figure 74. FN tunneling; without radiation (left), radiation trap assisted (right). 


Without ionizing radiation (the NBTI-Only case), for FN tunneling to occur, the 
entire width of the barrier presented by the oxide must be overcome. Those electrons that 
do overcome the barrier end up in the Si conduction band. However, with the trap 
centers provided by the ionizing radiation (the NBTI+y case) the tunneling distance is 
reduced thereby allowing electrons to tunnel into the oxide where they can neutralize 


hole traps. 


The experimental data given in Figure 75 demonstrates the reduction in AVr 
consistent with Busani with the suspected physical mechanism being radiation induced 
trap centers allowing FN tunneling of electrons to occur, which subsequently neutralize 


NBTI induced hole traps. 


108 


18.0 + 


Tote = 125 C 





12.0 
PN 
E 
> 
<q 
6.0 
A NBTI+gamma 
© NBTI-Only 
0.0 ¢ . . | . | | | | | 
0.0E+00 1.8E+04 3.6E+04 5.4E+04 7.2E+04 


time, seconds 


Figure 75. The plot of %AV7z vs. time comparing NBTI-Only and NBTI+y. 


4. Radiation Dependence of the Alon to AV7 Ratio 


It was desired to determine what effect ionizing radiation had on the NBTI 
response to dose rate, total dose, and post-TID anneal conditions. Since the %Aloy 
relationship with %AV; emerged as an indicator to observe the changes to the NBTI 
response as a result of ionizing radiation, it became apparent than an examination of the 


ratio of the %AJoyv to %AV7 would be instructive. 


Toward that end, a summary of the experiments conducted at 125 C are presented 
in Figure 76 comparing the results from NBTI-only, post-TID and anneal NBTI, and 
NBTI+y experiments. 
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Figure 76. Ratio of %AJoy to %AV 7 versus dose rate. 


In examining the post-TID NBTI (TID>AnnealDNBTI) results no apparent 
dependence on dose rate or anneal condition were observed. However, an increase in the 
Alon-AV 7 ratio was observed. The NBTI+y devices also exhibited an increase in the ratio 
and that ratio seemed to be dose dependent, though that dependence is suspect due to the 
limited number of experimental samples. The filled data symbols represent experiments 
performed with the Dewar temperature system (DTS) used with the J. L. Shepherd 
irradiator; whereas, the NBTI-only and post-TID NBTI experiments used the Tenney 


oven for temperature control. 


Since the devices did not demonstrate sensitivity to dose rate or anneal, the plot of 
Figure 77 represents the same data as a function of TID; and, in Figure 78 the ratios were 


averaged at each TID to expose potential total dose related trends in the data. 
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Figure 77. Ratio of %AJoy to %AV7 versus total dose. 
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Figure 78. Averaged %AJoy to %AV7 ratio versus TID. 
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A potential outlier, the data point for the NBTI-Only at 0-TID using the DTS 
remains in the plot for context. Otherwise, the best-fit line exhibits a power-law 
dependence extrapolated back to the NBTI-only average at 125 C. Because the 
experimental data used in the plot includes a mixture of stress voltages and experimental 
methods, the purpose of the plot was to reveal a potential relationship between TID and 


the Alon-AV 7 ratio. 


5. Summary 


The results of NBTI-only versus NBTI+y experiments were presented 
highlighting new and unexpected observations surrounding the effects of ionizing 
radiation on NBTI. These surprising results demonstrated that radiation had an effect on 
NBTI which was characterized by an increase in the NBTI at for values of Voszp 


approaching operationally relevant conditions and was reduced at high Vsrp. 


This reduction was observed for devices receiving radiation prior to and during 
NBTI. This reduction in NBTI is considered to be due to the irradiation assisted 
neutralization of oxide traps at the near-interface E’-centers. However, since the %AJ/oy 
appeared to be held nearly constant while %AV7 decreased, along with the observed slope 
change and offset in the %AJoy vs. %AVz linear fit line of the NBTI+y devices gives 
evidence that the apparent decrease in 4, was a result of an increase in N;r production 
while the hole trap process mediating the Nor production can be subsequently neutralized 


in the presence of a tunneling current at high field conditions due to FN tunneling. 


The key finding of this research is that, for the first time, the effects of ionizing 
radiation on the NBTI of PMOS devices demonstrated that Aw, played a significant role 
and presents a viable explanation for the observed data consistent with the carrier 


transport theories offered in support. 


C. COMBINED EFFECTS MODEL 


The %Alon versus %AV,7 data presented in the previous section confirmed what 
was observed in the analysis of %AV7 alone. The parallel translation of the best-fit lines 


(without change of slope) in going from the NBTI-only to the NBTI+y case supports the 
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observation that the activation energy for AV7 was not affected by the irradiation. For the 
case of constant Tsrpr, the slope change with translation of the linear best-fit lines supports 
the observation that the dependence of AV; on Vsrr had changed due to the irradiation. 
The addition of the %Avzz term in Equation (5.5), to a first-order, accounts for changes in 


the relationship between %AJ/oy and %AV7 due to changes in sp. 


At the onset of this research, a revised version of the generally agreed on model 
for AV due to the combined effects of NBTI and irradiation was expected. However, in 
light of the unique and surprising results of this research and data, a revised model which 
includes the Ay, term that accounts for the radiation and its effects is needed. Therefore, 
a new model is proposed that in its simplest form accounts for the effects of the radiation 
where A/oy 1s now a function of AV; and Aw. For the old model representing the NBTI- 


only case, the %A/oy was given by 
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in which the A, term was negligible and therefore resulted in 
Aloy = AV, (VeresT sre ): (5.8) 


In contrast to the result of Equation (5.8) for the NBTI+y case, the new model 
representing %AJoy as a function of ionizing radiation is given by 


Al oy = AV; (Vere > Tore» Dose) + Au, (Vine, Dose). (5.9) 


In the constant Vsrr case for AVr versus Aloy, Af 18 now a function of ionizing 
dose; whereas, for the constant Tsrr, Au, is a function of both Vszp and ionizing dose. 


The details of this model are the subject of future work to follow. 


D. CONCLUSION 


In this chapter, data on the combined effects of NBTI and ionizing radiation on 
the p-channel MOSFET was presented. It was demonstrated that no significant changes 
were observed in the parameters used to characterize AVr. Yet, ionizing radiation had an 
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influence on the NBTI response characterized by a slight but perceptible increase in the 
NBTI approaching operationally relevant Vs7r and significant decrease in the NBTI at 
high Vsrr. Furthermore, the changes observed in the relationship between %AJ/oy and 
%AVr suggests that characterizing AV; is not useful in fully characterizing the changes in 


transistor performance due to NBTI and ionizing radiation. 


Though the NBTI extracted parameters varied slightly from the process model. 
The relationship between the %AJ/oy and %AV7r was highly correlated in both the NBTI- 
only and NBTI+y experiments. From this tight dependence of %AJ/oy on %AV7, the 


impact of the ionizing radiation on PMOS NBTI became observable. 


Another finding from the data was observed dispersion in the %AJ/oy versus %AVr 
data. One possible explanation for the dispersion in the decreased AV7 at higher Vsrp in 
the presence of radiation was the activation of E’-centers that could then trap electron 
injected into the oxide by radiation assisted FN tunneling in turn lowering the 


contribution of AV7_y7 to the overall AV. 


A significant outcome related to the observed dispersion 1s that the use of a high 
Vsrr to accelerate NBTI, in the presence of radiation, will lead to an underestimate of the 


combined effects on AV7 if extrapolated to an operationally relevant Vsrr condition. 


Finally, a new combined effects model for A/oy was offered that accounts for the 
effects of the radiation on A/oy as a function of both AV; and A. This model, which is 
the subject of future work, can be developed to gain additional insight into the effects of 


ionizing radiation on PMOS NBTI. 
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VI. CONCLUSIONS 


PMOS NBTI in an Ionizing Radiation Environment set out to determine what 
effect, if any, ionizing radiation has on the most pressing reliability concern in modern 
semiconductor devices, PMOS NBTI. Though lots of early work had been done on 
radiation effects under various stress bias and temperature conditions, most of that 
research was performed on NMOS devices as they were seen as more susceptible to a 
loss of electrostatic control and unacceptable levels of leakage current as compared to 
their PMOS counterpart. Furthermore, with decreasing oxide thickness it was believed 
that, with the exception of NMOS devices in buried oxides, modern devices were 
becoming radiation hardened. This belief had with it forty-plus years of experience 
dealing with the same, well characterized, material system: SiO» dielectrics and S1-SiO2 


interfaces. 


However, with the introduction of new material systems, namely high-k 
dielectrics, there is uncertainty in how these devices will perform in a radiation 
environment. This same device scaling and introduction of new material systems brought 
with it a re-emergent and significant reliability concern of NBTI in PMOS devices for 


which the physical mechanisms responsible are not fully understood and hotly debated. 


None the less, the semiconductor industry as a whole has been more focused on 
the consumer electronics market in which products need only last a few years as opposed 
to the ten or twenty a military or aerospace application may depend on in an ionizing 


radiation environment; hence the motivation for this work. 


In the discussion that follows, a summary of the research performed, its findings, 


significant contributions, and opportunities for future work is presented. 


A. SUMMARY OF RESEARCH PERFORMED AND FINDINGS 


Commercially available p-channel MOSFETs from a 130 nm CMOS technology 
were put through a series of experiments to ascertain their susceptibility to a combination 
of ionizing gamma-ray radiation and NBTI. Chapter II gave background on the theory of 


the MOSFET V7 and addressed PMOS NBTI and radiation effects. Included in the 
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discussion on NBTI were the two competing theories that offer physical explanations for 
the observed effects, the long-standing hydrogen reaction-diffusion model and the 
emergent switched-trap model. Chapter II concluded with the notion that the combined 
effects of NBTI and radiation could possibly be worse than the sum of the effects taken 


separately. 


In Chapter III, the experimental approach and platform for evaluating the 
combined effects was laid out. This approach, or methodology, outlined the performance 
of NBTI characterization in the spirit of the JEDEC standard for NBTI testing (JESD90) 
and the MIL-STD-883 standard for radiation effects testing (Method 1019.8). Two types 
of experiments were devised, one for performing NBTI characterization after irradiation 
and anneal, the other with the objective of performing NBTI characterization while the 
devices were being irradiated. Due to a limited knowledge of the material system under 
study, a series of experimental conditions were identified to look for irradiation, bias, and 
anneal sensitivities. The platform developed specifically for carrying out the experiments 
included the Keithley 4200-SCS which allowed for the stress and measure of four devices 
simultaneously, the DMEA SEGIT J. L. Shepherd irradiator with the Dewar temperature 


system, and the Tenney environmental oven. 


The experimental results and analysis of the NBTI-only experiments were 
presented in Chapter IV; but not before an examination of the manufacturer’s process 
model was performed. This examination included the decomposition of the model for the 
purpose of isolating the main NBTI dependent parameters. These consisted of the time- 
exponent n, the activation energy Ey, and the electric field exponent, m. Numerical and 
graphical methods were established for extracting these parameters from the experimental 
data. This was followed by the presentation and analysis of the NBTI-only experiments 
given in the context of the process model. A quantitative analysis then followed that 
demonstrated the relationship between the fractional changes in Joy versus V7. This 
relationship was supported by the experimental data and established a framework for 


evaluating devices subjected to the combined effects of 1onizing radiation and NBTI. 


The combined effects results and analysis were given in Chapter V. It was 


demonstrated that ionizing radiation had an influence on the NBTI response characterized 
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by an increase in the NBTI approaching operationally relevant Vszer and significant 
decrease in the NBTI at high Vsrr. A significant outcome of this work 1s that the use of a 
high Vsrpr to accelerate NBTI, in the presence of radiation activated trap centers, will lead 
to an underestimate of the combined effects if extrapolated to an operationally relevant 
Vsrr condition. Though the NBTI extracted parameters could not be distinguished from 
the process model, the relationship between the %AJoy and %AV7 was highly correlated 
in both the NBTI-only and NBTI+y experiments. From this tight dependence, the impact 
of the ionizing radiation on PMOS NBTI became observable; and, from an examination 
between the ratios of A/oy to AV; versus TID a dependence on ionizing dose emerged. 
Finally, a combined effects model was introduced representative of the combined effects 


of ionizing radiation and NBTI on A/oy as a function of AV7 and Az. 


B. SIGNIFICANT CONTRIBUTIONS AND PUBLICATIONS 
1. Significant Contributions 


There are a number of significant contributions that add to the body of scientific 
knowledge as a result of this research. These contributions include: 
e The demonstration that ionizing radiation has an effect on PMOS NBTI 


e The use of NBTI characterization methods for evaluating the effects of 
ionizing radiation on PMOS NBTI 


e Development of a model for A/oy that includes the effects of ionizing 
radiation on NBTI 
@ The development of the test and measurement system required to perform 


the experiments needed for the all of the above contributions 
The first bullet 1s of interest to the reliability physics community and may spur 
follow-on research within that community toward resolving the hotly debated physical 
mechanisms responsible for NBTI. Furthermore, the knowledge that ionizing radiation 
may exacerbate PMOS NBTI is of immediate interest to the military and aerospace 


systems design communities. 


The second bullet is also of interest to the reliability physics community as it 
provides a method for examining the combined effects of NBTI and ionizing radiation on 
PMOS NBTI. Moreover, combining the NBTI characterization standard and ionizing 
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radiation gives reliability engineers tasked with evaluating and _ characterizing 
technologies targeting military and aerospace applications a method for evaluating the 


combined effects. 


The third bullet is of interest to the reliability physics, engineering, and design 
communities. Though the mathematical model is preliminary it identifies a mathematical 
relationship between ionizing radiation and NBTI that can be developed further and 
applied to new and emerging material systems and technologies of interest to the military 


and aerospace communities. 


The ability to do combined effects analysis under operationally relevant 
conditions has been gaining interest of late; therefore, the final bullet is of interest to 
those wanting to perform combined effects analysis for the purpose of device, circuit, and 


system development, evaluation, and validation. 


2; Publications 


Technical publications resulting from this research include two _ poster 
manuscripts titled “PMOS NBTI analysis of a 45 nm CMOS-SOI Process with Nitrided 
Gate Dielectric” and “On the Device Response of a 45 nm PMOS Transistor to TID and 
NBTI Stresses” published in the proceedings of the 2012 IEEE International Integrated 
Reliability Workshop CIRW) and the 2013 Government Microcircuit Application & 
Critical Technology (GOMACTech) conference respectively. 


In addition, at least two journal manuscripts based on the aforementioned 
significant contributions are currently planned for submission to publications of the 
IEEE. These publications include the Transactions on Device and Material Reliability 
(The use of the NBTI Characterization Framework for Evaluating the Effects of Ionizing 
Radiation on NBTI), the Electron Device Letters (The Dependence of PMOS NBTI on 
Ionizing Radiation—Early Results), and the Transactions on Nuclear Science (The Effect 
of Ionizing Radiation on NBTI). Finally, the work has started for the Patent Application 


process for the unique combined effects test and measurement system. 
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C. OPPORTUNITIES FOR FUTURE WORK 


All of the significant contributions listed in the previous section had an implied 
prospective opportunity for extended research in the area of combined effects analysis. 


In addition to those listed, the following are viable in extending the work of this 


dissertation, 
e A further development of the proposed combined effects model 
e An extension of this research to identify physical mechanisms responsible 
for the combined effects observations 
@ An extension of this work to technologies relevant to the military and 


aerospace communities. 
In order to further develop the proposed combined effects model, a deeper 
understanding of the combined effects or radiation and NBTI on yw, is needed. Toward 
that goal, future research on the existing data produced from this work can be used to 


evaluate changes in the subthreshold slope (an indicator of Ay). 


An extension of this work to include the analysis of the contributions of interface 
trap generation and hole trapping to the changes observed in the combined effects 
experiments can be accomplished by taking a formal look at the radiation effects. The 
work performed in this dissertation looked primarily at 1.4 Mrad TID (14 rad/s). 
Extending this work to a range of total doses and dose rates would serve to help identify 
the physical mechanisms responsible for the combined effects interaction and could lead 
to a better understanding of the physical mechanisms responsible for changes in Alon, 


Avr, and Aut. 


Furthermore, the observations of FN tunneling in devices subjected to irradiation 
needs to be explored further. Research is needed to characterize the sensitivities of FN 
tunneling and the associated oxide and interface trap dynamics to total-dose, dose-rate, 
Vsrr and Tsrr effects. As was demonstrated in this work, this unexpected physical 
mechanism has the potential for altering TTF calculations at the detriment of DoD fielded 
systems. A greater understanding of what is happening at the physical level would go a 


long way toward mitigating risk in TTF and reliability analysis. 
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Finally, an extension of this work within the 130 nm technology and other 
technology nodes of interest would greatly benefit the military and aerospace 
communities. For example, a study of the thick-oxide devices within the 130 nm 
technology would help in the understanding of how oxide thickness plays a role in the 
oxide and interface trap kinetics that could be extended to other technologies of interest 


to the DoD. 
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APPENDIX A. TEMPERATURE CORRECTION OF V; 


A. DATA CORRECTION OF AV; DUE TO AT 


If temperature fluctuations during an experiment are significant enough to 
introduce considerable errors in the measurements, then data recorded during the 
experiment are required to be corrected. For the V7, it has a significant dependence on 


temperature; therefore, a method to normalize the data was developed. 


The Vr temperature dependence of the PMOS devices in this process was 
characterized. It was shown that, as in Figure 79, the V7 vs. T relationship was linear and 


consistently produced a AV7/AT temperature coefficient of 0.72 mV/C. 
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Figure 79. Demonstrated threshold voltage dependence on temperature. 
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Given the characteristic slope m = AV7/AT and knowledge of the temperature 
variation as a function of experiment time, data recorded during the experiments could be 


corrected by 


Vr =Vr_Meas +™ (7, Soil ieaes: (7.1) 


—Corr 


The mean temperature 7, is time average of the temperature recorded during the 
experimental period during which data was collected. The data shown in Figure 80 
demonstrates a significant difference in the linear fit of the data to regression analysis and 


a notable shift in the amplitude of V7 change. 
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Figure 80. Plot of measured data vs. temperature corrected data. 
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APPENDIX B. ELECTRICAL CONDITIONS FOR MEASURING V7 


The electrical parameters for measuring V7 are given in Table 10. 


Table 10. Table of conditions for measuring V7 for the 130 nm CMOS devices. 


PMOS Drain Currents, Ip NMOS Drain Currents, Ip 
for Vr = Ves(Ip) for Vr = Ves(Ip) 


Ivasi (UA) LV: Laes (um) | HV: Lges (um) 
CEILING = 5 0.120 0.240 


Ivasi (UA) LV: Lees (um) | HV: Lges (um) 
CEILING = 10 ~ 120 0.240 

















Device 


Conditions for V; Measurements performed in this research: 

Ivesi = [Ip] = 300 nA*(W ¢.;/Laes) for a NMOS device. 

Ivesi = [[p| = 70 nA*(W des/Ldes) for a PMOS device. 
PMOS LV Devices: 

Vuins WD = -4 50mV; for W/L = 5/5 Vii, = -0.225 +/- 0.045 V 

Visat) VD = -/+ 1200mV; for W/L = 10/0.12 Vicar = -0.300 +/- 0.050 
PMOS HV Devices: 

Vtlin, VD = -/+ 50mV; for W/L = 5/5 Vtlin = -0.420 +/- 0.060 V 

Vtsat, VD = -/+ 2500mV; for W/L = 10/0.12 Vtsat = -0.440 +0.075 -0.095 
T = 25°C for comparative purposes to tabled data for Vy 


Devices 
ie 


Wees (um) 








Ivcs; (UA) values used in experiments are larger than indicated above (50 and 250uA, respectively) 
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